
REPORT 1356

CONTENTS

SUMM~Y -----------------------------------------------------------------------------------
INTRODU~ION -----------------------------------------------------------------------------
NOTATION---------------------------------------:-------------------------------------------

Subscripts----------------------------------------------------------------------------------
supmctipti--------------------------------------------------------------------------------

APPARATUSAND TEST _HODS ----------------------------------------------------------
Wtid TmeL ------------------------------------------------------------------------------
Modekand Suppoti------------------------------------------------------------------------
TestMethodsandTectiqu=----------------------------------------------------------------

VariationinMaohnuber ---------------------------------------------------------------
optidkoMqua ----------------------------------------------------------------------
Transitiondeterminationfiomshdow@pti -----------------------------------------------
Bom@-kyer tips---------------~--------:-------------------------------------------
Stiawo~-ti kc~que ----------------------------------------------------------------

RESULTSAND DISCUSSIONPERTAINTNGTO RELATIVE TRANSITIONLOCATION--------
GeneralSurveyIllustratingDominantImportant of RelativeTmmitionhmtiom -----------------

Resultiofinitii q*enti -------------------------------------------------------------
Correlationbetweentransitionandooourrenooof abruptpressurefee--------------------------
Representativeprwsuredistributionsfor the three regimesand resultsof high-speedmotion

pictwestitiM------------------------------------------------------------------------
ReprewntativeReynoldsnumbereffeotsfor thetkeer~=--------------------------------
RepreiwntativeMaohnumbereffectsforthe ttiwr~m -----------------------------------
Significanceto wind-tunnelWg--------------------------------------------------------

REYNOLDSNUMBER RANGE FOR PURE LAMINAR SEP~ATIONS ------------------------
MECHANISMDETERMINING PRESSUREIN SEPARATED REGIONS AND THEORETICAL

EXPLANATION FOR IMPORTANCE OF TRANSITION LOCATION RELATIVE TO REAT-
TACHMENT--------------------------------------------------------------------------------

Theoreticalhalysis of Leading-Edge%p-tiom -----------------------------------------------
EspenmentalRemltafor FlowsWithNegligibleBoundary-LayerThioknwsatseparation-----------
An lkplanationof theImportmmeofTransitionLooationRektive tiRwttiobent ----------------

CHARACTERISTICSINDEPENDENT OF THE MODE OF INDUCING SEPARATION (FREE
INTERA~ION@---------------------------------------------------------------------------

Resultsfor Various&p-td~om -----------------------------------------------------------
DiEerencebetweensubsonioandsupersonicwpmatiom----------------------------------- ---
%npliikd analysisfor free-intermtion*om-__._-_;_-_--_-___-___-----------------l------
Experimentsoneffeotaofgeometry,Reynoldenumber,andMaohnumberforlaminarseparation_-
Esperimentsoneffectsofgeometry,R@noldsnumber,andMachnumberforturbulentseparation--

CONCLUSIONS-------------------------------------------------------------------------------
APPENDIX A—ANOMALOUSOIL-FILM OBSERVATIONS-------------------------------------
APPENDIXB-SPECIAL EXPERIMENTSPERTAININ~TO THE CROCCO-LEESTHEORY---
REFERENC~--------------------------------------------------------------------------------

Page
421
421
423
423
423
423
423
423
424
424
424
426
427
427
428
428
428
428

432
436
438
438
441

4%3
443
445
447 .

44s
44s
44s
449
460
452
457
458
459
460

419



.——. — — ---- . . .._—— — —.—— ——— . . . . . . —...— —.——

.

.



,

REPORT 1356

INVESTIGATION OF SEPARATED FLOWS IPi’ Supersonic AND SUBSONIC STREAMS WTTH
EMPHASIS ON THE EFFECT OF TRANSITION ‘

By DDAN11 CHAPMAN,DONALDM. KmmN,andHOWARDK. LARSON

SUMMARY

Experimental and tkoretical research has been conducted on
jlow separationassociatedwith steps, bmx, compressioncorners,
curvedsurfams, shock-warnboundary-layerrefictti, and con-
jiguratiou prodwing Lmdkg-edge separation. .Rw.dtx we
obtained from pressure-distribution nwa.surements, 8h&W-

graph observation-s,high-speed motion pictures, and od-jilm
studies, The &mum scope of meusuxement encompa88ed
Mach numbers between 0.4 and $.6, and length Reynolds
numbers between4,000 and 6,000,000.

The prirwipd variabk controlling premure d&-ilmtti in
the separatedjlows wax found to be the location of transition
relalwe to tlu realtachmeti and sepamtion positions. Classi-
ficationis& of each separakdjow into one of tiree regimes
“pure laminar” with transition downstream of rea.tlachment,
“tran..diond’ with trami.tionbetweenseparation and reattach-
ment, and ‘Yurbukti” with trarwitionupstream of separation.
By this means of ck.ssifu?athn it is possible b state TatheT
generalresultsregarding the steadirwssof@w d the in$uence
of Reynolds number wilhin each regime.

For certain pure laminar separaii.oma theoryfor calculating
&ad-a@ pressure is adoanced which agrea well with subsonic
and supersonic mperiments. This theoryinvohzs no empirical
information and prot.ida ammpluna.tbn of why trami.tionlo-
catwn relativeto reattachmentis important. A simple analysis
of the equatti for in.kraction of boundary-layer and ext.emuzl
flow near either lamimm or turbulent separdon indicutes the
pressure rise to uwy as the square Toot of the wall shear stTe88
at the beginni~ of ink-ration. Vati tmperimentssubstan-
tiate this variation for most ttxt condtiion-s. An incidenti
obseroatbn h that the sta&Jityof a separti l.amin.armixing
luger imnwwx murkily with an iwwe in Mach number.
The possible sig@icmze of this observationh discussed.

INTRODUCTION

J?low separation often is considered as a scourge to many
technical devicw which depend upon the dy-namk of fluids
for successful oper~tion, inasmuch m separation often limits
the usefulness of th~e devices. For example, the mtium
lift of cm airfoil and the maximum compression ratio of a
compressor are limited by the occurrence of separation.
Separbted regions can also occur near a deflected flap, around

a spoiler control, in an overexpanded rocket nozzle, behind
a blunt base, on the leewmd side of an object inclined at
large angle of attack, and near the impingement of a shock
wave from one body upon the boundary layer of another.
Such occurrences make flow separation a very common
phenomenon warranting much research tiort.

Of the numerous experimental results on separated flows,
a few have proved to be applicable throughout the subsonic,
transonic, and supersonic speed ranges. The fit and most
important result involves the phenomenon of boundary-layer
transition. In 1914 Prandtl (ref. 1) demonstrated that the
pronounced effects of flow sepwation on the low-speed drag
of a blufl body, such as were observed earlier by Eiffel (ref.
2), are determined by the type of boundary-layer flow ap-
proaching the separation point; that is, whether it is laminar
or turbulent. In the initial post-war years, a number of
independent investigations (refs. 3, 4, 5, and 6) were con-
ducted in trmsonic and supersonic wind tunnels which
revealed similar marked effects on compressible flow fields
w-hen the boundary layer approaching separation was
changed from lamimw to turbulent. These experiments
leave little doubt that separated flows with transition up-
stream of separation are fundamentally dif!krent from those
with transition downstream.

From various experiments on sepmated flows, a second
general result can be detected which may not have been
evident at the time the various experiments were conducted,
but which is perceptible pow through the medium of hind-
sight coupled with the tidings of more recent research.
This second result concerns the importmce of the location
of transition within a separated layer relative to the position
of laminar separation. SChiller and Linke (ref. 7) found
that even under conditions where the boundary-layer flow
remains laminar at separation, the pressure distribution
about a circular cylinder depends signi&antly on how near
transition is to the separation position. They observed that
an increase in either Reynolds number or turbulence level
moved transition upstream in the separated layer to a posi-
tion closer to separation, and that such movement consid-
erably aflected the drag and pressure distribution. Closely
related to these &dings are some isolated observations that
transition location often correlates with an abrupt pr~ure
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rise when the separated layer is lamimu-. Tl$s wrrelation
is found within “separation bubbled’ on airfoils (ref. 8),
rmd in many other CSS=, both at low speed and superaonio
speed, as is discussed in detail later. Thus with a sepwated
layer remaining laminar, a variation in Reynolds number
changes the location of transition relative to the separation
point and this varies the pressure rise associated with tran-
sition; the consequence is an effect of Reynolds number on
pressure distribution which is especially pronounced in the
separated flow behind a base. (See refs. 5 and 6.) An
initial approach to the computation of such effects has been
made by Cmcco and Lees (ref. 9) who comider explicitly
the movement of transition along a separated layer. The
synoptic result of these various -investigations is that the
location of transition relative to separation is a variable
generally important to separated flows wherein the boundary
layer is laminar at separation.

In most previous experiments attention generally has
been directed to the type of boundary-layer flow existing
at separation and to the relative distanm between transi-
tion and separation; less attention has been given to the
type of boundm-y-lay& flow existing at reattachment and
to the relative distance between transition and reattach-
ment. (KFteattacbment” is taken herein to mean the local-
ized zone -whereina separated layer either meets a surface
or another separated layer.) At su.i3icientlylow Reynolds
numbem, a type of separation can exiit where transition
is downstream of the reattachment zone, or perhaps even
novrhere in the flow field. h order to achieve this pure
laminar a @-pe of separation in a low-speed flow, howevar,
th? Reynolds number must be very low (e. g., the order
of several thousand for a circular cylinder). In view of
the unusually low Reynolds number required, and the fact
that the reattachment position is not steady in a subsonic
wake, it is understandable that conditions at reattachment
previously have received relatively little emphasis in inves-
tigations of separated flow. An isolated mample of pure
laminar separation was ,observed by Liepmann and Fila
(ref. 10) behind a small, half-cylinder, roughness element
placed within a subsonic laminar boundary layer.

The present investigation, which is concerned in consider-
able part with flow conditions near reattachment, was con-
ducted in three phases diihring greatly in purpose and
scope. Such ditilon was not planned but was dictated by
some rather surprising and encouraging results obtained
during the initial phase of experimentation, coupled with
some major revisions in the wind-tunnel facility made dur-
ing the interval over which the research was conducted.
The initial experiments (conducted in 1953) were concerned
with the manner in whi&h Reynolds number variation at
supersonic speed ailects the separated-flow region upstream
of two-dimensional steps of various height. Comparison
of the results of the initial experiments with those of other

tFor-m exPfOhedktti, WY flOWSCOUIDIOII&d?Sf!ZIIOtd8S“hlflld’ WAtfOU@
in previcminwsth3at10n9rally areoffecld sidkntly by theprewlm ofkeQfitfonM311y
h the rmttaehnmt Zm.wsuch flow-sam ink-red to kern es “ilnnsftbnar’ Sermemns.
COm?@Udly, it k deeirobleforPWX6WofWlphESi9andw badktinction to use8n mmm-
blguowmok%y, W* C@“pU1’ehmfIE?Jflfa th- fim whkhholy - UWdk@d
by tromftfon.

experiments revealed several intriguing similarities among
various separated flows on presumably unrelated conjura-
tions. These simihrities (discussed in detail later) sug-
gested that the location of transition relative to reattuch-,
ment might be just as fundamental te any separated flow
as is the location of transition relative to separation, In
order to &rplore this possibility, a second phase of expwi-
ments was conduct~d with a variety of model shapes mthor
than just a step. A third phase of experiments was con-
ducted after mod.iiications were made to the wind tunmd
which enabled operation over an extended Mach numbw
and. Reynolds number range. Inasmuch w an titimate
hope was to improve the understanding of separated flows,
it was thought mandatory to include measurements at sub-
sonic as well as supersonic speeds as an integral part of the
research. All measurements were made on two-dimensional
models.

This report covers three subjects: (1) a general survey of
the experimental results grouped acceding to whether tmn-,
sition is downstream of reattachment, between separation
and reattachment, or upstream of separation; (2) a dewrip-
tion and experimental test of a theory of the fundmmentid
mechanism- near reattachment which governs the dead-air
puissure in a separated region (this theory is used to pro-
vide an explanation of why transition location relative to
reattachment is of importance to separated flows); (3) a
simple analysis and pertinent experiments on ‘Yree inter-
action” type flows wherein the boundary layer interacts
freely with an external supersonic flow in the manner orig-
inally pictured by Omvatitsch and Wieghardt (ref, 11). A
preliminary report presenting briefly some of the salient
rewlts of this investigation hasbeen published asreferenco 12.

In the three-year interim over which the present experi-
ments and theoretical research were wnductedj various
results of other studies appeared which benefited and iriflu-
enced the course of this research. A thorough investiga-
tion of turbulent separation induced by steps and by inter-
action of oblique shock wavw with the turbulent boundary
layer on a wind-tunnel wall was published by Bogdonoff
(ref. 13)’ and by Bogdonoff and Kepler (ref. 14). As a
result it was deemed unnecessary ti investigate turbulent
separations for these two cases, except h provide incidental
comparisons and checks with their data. Similarly, mton-
sive results of Gadd, Holder, and Regan (ref. 15) became
available for the case of shock-wave-induced separation.
In these latter experiments, separated flows with transition
downstream of reattachment were observed as were fully
turbulent flows and flows with transition between separation
and reattachment. The importance of transition locittion
relative to reattachment is ciearly recognized by Chuld, et
al. More recently, the research of ~orst, I?iige, and Childs
(ref. 16) became available, in which nearly the same funds-’
mental theoretical mechank& was employed in their crLlcu-
lations of base pressure for thin turbulent boundary lmyms
as that mechanism described and ~erimentidIy tested
herein for thin laminar boundwy layem. Comparison of
results from these various recent and independent researches
is made later @ the report.

.
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NOTATION

local skin-friction coefhient, ~

ratio of CJOat a given R.. to corresponding value
R,0=106

height of step or base
characteristic strewmvise length over which inter-

action takes place
body length (see fig. 2)
mms-flow rate per unit span
Mach number
pressure
Prandtl number

dynamic pressure,$

reattachment point
4Reynolds number, ~ and ~, respectively

separation point
absolute temperature
velocity
distance along model measured from leading edge
angle of attack relative to surface having length L
ratio of specilic heats, 1.40 for air,.
mixing-layer or boundary-layer tluckness
displacement thickness of boundary layer
viscosity coefficient

kinematic viscosity, ~

density
shear stress

SUUSCJHPTS

conditions at beginnhg of interaction in supersonic
flow, or at location of minimum pressure in
subsonic flOW

test-section stream conditions
dead air
outer edge of mixing layer, or edge of boundaq

layer
plateau conditions (for laminar separation), or

peak conditions (for turbulent separation)
reattachment point
separation point

( )
total conditions e. g., ~= l-+MZ

ratio of quantity to corresponding value at edge

( 5!’
of mising layer e. g., T*H—> =~J etc.

T. ‘–P, )
wall

SUPERSCRIPT

conditions downstream of reattachment region
conditions along dividing streamline of mixing

layer.

APPARATUSAND TEST METHODS
Wnm’rum?m

Experiments were conducted in the ties 1- by 3-foot
supersonic Wind tunnel No. 1. This tunnel operates con-

tinuously with dry air over a range of reservoir pressure9.
For the initial portion of experiments, the range of tunnel
pressures available was limited to between 2.5 and 30
pounds per square inch absolute, and the h.(ach number
was limited to about 2.4. Revisions to the tunnel structure,
flexible-plate nozzle, and drive motors were made in 1955
so that subsequent experiments could be made over the
range of pressuresbetw,eenabout 2 and 60 psia and at hIach
numbers up’ to about 3.6. Subsonic speed control
(0.4SM m<0.8) was obtained by choking the flow down-
stream of the test section with the flexible, supersonic
ditll.lser.

MODEM ANDSUPPORTS

Several types of mod& with different supports and end
plates were employed, each being designed to provide two- ,
dimensional flow conditions. pressure orifices -werelocated
at stations near the center span, and, in most cases, were
spaced either 0.05 or 0.10 inch apart. The initial experiments
were conducted on step models in an S-inch-wide two-
dimensional channel placed within the 1- by 3-foot test
section (see ref. 17 for description of channel). Since use
of the channel made model c.lmges and observation rather
cumbersome, subsequent experiments were conducted with-
out the channel apparatus by mounting the 8-inch span
models on a sting from the rear, and bv attaching at both
tips relatively s&dl, transparent (lucit~),
photograph in figure 1 (a) illustrates-the

end plates. The
latter method of

I-Region of sensibly ~--.Orifices
‘, two-dimensional
1, flow ~-Oi I -film-accumulaf ior),

\ 1 line \

! I \

\ 1 \
,

\
\
\
i
\
\

\
\ \

“-Region influenced by tip

(b)

(a) Photographshotig oil-b accumulationtakenduringa run af
modelCCIO”—2tith endplates.

(b) Sketohof typioaloil-i31ru-accumulationline.

I?KHJEEl.—Typical model installations.
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sting mounting. Site comparison of results obtained with
the two methods of mounting showed no significant differ-
ence, all subsequent measurements were taken with this
latter method of mounting. l?or those data presented, the
flow over the center portion of the model was judged es-
sentially two-dimensional according to three indications:
(1) several pressure oriiices located spanwise 2 inches off
~nter revealed only small variations of static pressure; (2)
the pattern formed by oil film on a model surface (see &g.
1 (b)) WQSnormal to the flow direction over a sizable center
portion of span; and (3) at all Mach numbe~, changing
from triangular-shaped to rectangular-shaped end plates
had no effect on midspan pressure distribution, and at Mach
numbem above about 2.3, even the removal of end plates
had no effect. End plates often mere not used at the higher
Mach numbers, as this enabled better shadowgraphs to be
obtained.

Photographs of several models mounted without end
plates are presented in figures 1 (c), 1 (d), and 1 (e). The

~—
A-21256

,
I

, (c]
L-

r-

A-21255

[ A-21252

(o) hIodel CC25”-2. (d) Model S-4. (e) hIodel C“C25”–5 (trip 4).

l?IcmEE I.—Concluded.

geometry, dimensions, and desib~ations of the various
models are given in &ure 2. Most of the models of figure
2 consist of a basic flat plate to which various wedges and
steps vwre fastened to form additional models. This basic
flat plate also was used for measurements of bonnd~-layer-
lmmsition Reynolds number to give an indimtiori of wind-

tnnnel disturbance level. The leading-edge thiclmess of the
flat plate w-as determined optically to be 0.006 inch, The
leading-edge tbiclmess of the other models (for which the
surface contour is an integral part of the basic plate) is
believed to be approximately the same.

TESTMETHODSANDTEOHNIQUR9

Variation in Mach nnmber,-The Mach number Mo
approaching an interaction region -was vmied in several
ways. At subsonic speed, the angle of attack was held
fixed while adjustment of the &&user minimum area pro-
vided variation in test-section Mach number M ~ . At
supersonic speed, the angle of attack was changed to provide
variation in .iK, as illustrated, and the flexible nozzle WCLUS
occasiomdly were repositioned to provide additional varia-

tionin M..- Only a few test-section Mach numbem were
required to achieve variation in MO from values near 1 to
about 3.6, inasmuch as the angle of attack for some of the
models could be varied by + 16°. Thus a given M could

be obtained with either an expansion wave or a shock wave
occurring at the model leading edge. It was found in most
cases that for a given Mo both types of settings would yield
the same pressure distribution over the center-span portion
of the model. In several cases, though, detached bow waves
at a>O resulted from excessive flow deflection over the lower
surface, and this caused transition to occur prematurely on
the upper surface. Under such conditions, the preasum
distribution in transitional-type separationa difFered from
that obtained at the same MO,but with an expansion wave
at the leading edge. In some cases of lamimw separation,
small differences in the shape of pressure distribution-but
not in the pr=ure rise to separation-were observed at
the same IMO”for the two types of settings. These small
difkmmces are attributed to known d.i.ilerencesin tunnel-
empty pressure distribution at the different nozzle settings.

Optical techniques,-one or more shadowgmpbs vrem
taken for each pressure distribution in order to determine
the location of transition. Relatively long ex~osure times
were wed (Mbto Moosee) since the mean position OftrWitiOn
was desired rather than an instantsmeous position. In
the tit two phases of experimentation, iilm was placed
next to a side window which intercepted near-parallel light
pas@ through the test section. Polaroid-Laud fihn was
used. In the third phase of experimentation, the film was
placed on a parallel-motion mechanism surrounded by light-
proof bellows (see fig. 3). This enabled tho distance from
the model to the ti to be adjusted in orcler to take ad-
vantage of focusing effects induced by the refraction of
parallel light as it passes through the boundary layer (for
an explanation of the focusing effects, see ref. 18). Com-
parison of figures 4 (b) with 4 (a) reveals the improvement
achieved by increasing the distance between the iihn and
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FIGURE2.—Model con6guratioDE and dimension.
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FIGURE3.—Adjustable shadowgraph mount with light-tight bellows.

(a) Shadowgraph next to tunnel window. Flat plate model; itl.=3.O;
pt=2.k5 psia.

(b) Shsdowgraph 30 rnches from tunnel window. Flat plate model;
.M.=3.o; pt=24.5 psia.

(o) Sbadowgmphnext to tunnel window. CS15”–1; M.=3.O;
pt=3 psia.

(d) Shadowgmph4.2inchesfromtunnelwindow. CS15°–1;M. R3.O;
p;=’3 psia.

Fmmm 4.—Effeot on shadowgraph appearance of variation in distance
between model and shadowgraph film.

the flat-plate model. The white line, indicating the nature
of boundmy-layer flow, is displaced from the surface where
it can be better observed. Comparison of figures 4 (d)
with 4 (c) reveals the improvement achieved in visualizing
the sepa.mted flow over a curved surface model by increasing
the h-to-model distance.

High-speed motion pictures (Fastax) were taken of the
shadowgraph field in order to ascertain the rilative steadi-
ness of various separated flows. The parallel light wss of

snflicient intensity to permit pictures of several thousand
frames per second to be taken from the shadowgmph pattern
cast on a ground-glass screen. Runs at Vtll~OUS fr8JIM3
speeds up to 6000 frames per second showefl that flow
unsteadiness could be detected readily at speeds nmr 2000
frames per second.

!lhanaition determination from shadowgraphs.-Two
methods, depending upon tunnel pressure, were used to
detect transition from the shadowgmphs. At low tunnel
static pressures,with small iilrn-to-model distancea,transition
location appeared as the “end” of the laminar (white) line
on the sh~owgraphs. At high tunnel static pressures,
with small &-to-model distancea, or at arbitrary pressure
with large ti-to-model distances, optical refraction effects
are large, and a technique used by Pesxcey (ref. 18) was
employed to locate transition. Under these conditions the
white ltiar line appears displaced from the surface by a
distance large compared to the boundary-layer thickness.
For flow over a flat plate, the apparent displacement is
nearly constant from the surface as long as the layer remains
ltiar, since the density profiles are nearly similar along
the plate length. An example is illustrated in figure 6 (s).

‘——_ .-
— .-. . . . . . . . .

9

<— 7—.

(a) Transition beghming near rear of plate. JII.=2.O; RLU 1.9X 10°.

(b) Transitionregionon Plate. Jf0=2.9; RL=2.3X 10°.
(o) Transitionregionon plate. -M0=3.3;RL=2.8X 10°.

Frmrm 5.-Shadowgraphe indicating type of boundary-layer flow and
location of transition on the flat plate model.

When the Reynolds number is increased so that transition
is completed on the plate, the white line converges to the
surface in the transition region. Examples of this aro
illustrated in iigures 5 (b) and 5 (c). The beginning of
convergence represents the beginning of transition effects on
the density prcdlleand is taken as the beginning of transition
itself. The end of convergence, where the white lirmpractic-
ally meets the surface, represents the tit position whore
the density proiile has its maximum gradient close to tho
surface (compared to a ltiar profile) and is taken as tho
end of transition. lJnder high refraction conditions, there-
fore, both the beginning and end of transition often could
be ascertained approximately. As an example, the rmtik
of transition determination by this method for the flow
over a flat ,plate (leading-edge thiclmew 0.005 ii) am pr~-
sented in iignre 6“. The method employed in determining

.
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in. thick,)

the beginning and end of transition for these data is illus-
trated in figure 5 (b). The transition Reynolds number is
plotted as rLfunction of the Reynolds number per unit
length, inasmuch as this variable appears to be more sig-
nificant than the Mach number. For example, at stream
Mach numbers above 2.0, the curves for both beginning
and end of transition are independent of Mach number
when plotted in this fashiom These curves will be used
later in comparison with other data.

Boundary-layer trips,-A common experience in supersonic
wind-tunnel operation is that larger and more sevme tips
are required as the supersonic Mach number is increased.
This trend is reported in detail by Winter, Scott-Wtin, and
Davies (ref. 19) who find that the required wire diameter for
tripping the boundary layer iucremes roughly exponentially
with Mach number (an interpretation of this trend is given
luter as it involves a result horn the present research).
Moreover, merely placing a disturbance at some streamwise
position on a model does not insure a tied transition loca-
tion. For example, in the present investigation, at Mach
numbem near 3 the wire trips often did not effect tmnsition
until a short distance before the separation position. Under
these conditions the effective origin of the turbulent layer
varied with tunnel pressure in an unlmow-nmanner over the
plate length between the wire and the separation position.
Data obtained on the effects of Reynolds number variation
are uncertain under such conditions.

In the course of experimentation various full-span bound-
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ary-layer trips were used depending primarily on the Mach
number. At subsonic and moderate supersonic Mach num-
bers a 0.015-inch-diameter wire (trip 1) placed 0.13 inoh
from the leading edge, as sketched in figure 2 (c), was ade-
quate to effect transition near the wire. At the higher super-
sonic Mach numbers a trip more severe than a small wire
was needed. On several models tested in this higher Mad
number range during the seeond phase of experiments, the
upstream portion of the model plate was corrugated by smv-
toothed machining (see trip 2 in fig. 2 (c)) and on one model
a motion of wire screen also was added (trip 3). During the
third phase of research a ‘%ase trip,” consisting of a small
wedgelike attachment to the leading edge, was employed
(see trip 4 in fig. 2 (c) and photograph in fig. 1 (e)). A pres-
sure oritice was installed in this base in order to determine
when the trip fixed transition. A plot of the base pressure
as a function of tunnel pressure revealed the tunnel pressure
above which transition was fixed near the trip.

Surface oil-film teohnique.-A useful technique employed
in the cm.rse of research was an oil-film method for deter-
mining quantitatively the location of separation (and hence
the pressure rise to a separation point). It is knowg that
liquids coated on a surface will accumsdate along a line of
separation. The flow upstream of separation washes liquid
downstream, whereas reverse flow downstream of separation
washes liquid upstre~. In order to make this technique
quantitative and to rmrumizeinterference,very small amounts
of liquid are required. To detect minute accumulations of
liquid, light at glanoing incidence was employed. This en-
abled an accumulation to be detected of height muoh smaller,
for example, than. the mouth of a pitot tube. Silicone oil
(Dow Corning DC 200-10) was employed, sometimes mixed
with regular hydrocarbon oil. Thin films of this oil were
mobile yet would not evaporate even after four or five hours
of continuous tunnel operation. It was found possible either
to coat portions of a model before a run or to emit oil from
an ofice during a run. The minute, threadlike lines of ac-
cumulation, which were observed readily, could not be photo-
~aphed well during tuunol operation. For photographic
purposes, the surface oil iilrn for the model in figure 1 (a)
(possibly not visible in half-tone reproduction) was allowed
to accumtiate in larger amounts than for most quantitative
measurements. A typical accumulation pattern is sketched
in figure 1 (b).

The oil-iilrn technique for determining the separation
point is believed to be more sensitive than the pitot-probe
technique. Using a Stanton tube 0.005 inch high, for ex-
ample, Gadd, et rd., (ref. 15) could determine only roughly
the laminar separation point and, hence, were unable to
deteet any Reynolds number dependence on the pressurerim
to separation. & will be seen later, the oil-iilm technique
readily enabl~ the Reynolds number dependence to be de-
termined as well as quantitative values of rather good ac-
curacy for the praure rise.

Extensive use of the oil-ii.lrntechnique revealed, under
certain ted conditions, an anomalous, double-accumulation
pattern which was diflicult to interpret. Some details of the
research conducted to resolve this anomalous behavior are
described in Appendix A.
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RESULTS AND DISCUSSION PERTAINING TO RELATIVE
TRANSITIONLOCATION

GENERALSURVEYILLUSTEtATfNG DOMINANT HORTANOE OF RELATIVE
TRANSITION LOCATION

Results of initial experiments.-& noted previously, the
initial experiments were conducted on step models in a two-
dimensional-channel apparatus; they clearly revealed the
basic importance of transition looation relative to a reattach-
ment position. Transition location was found to correlate
closely with an abrupt rise in pressure when transition ivas
between separation and reattachment. A typical example
of this is illustrated in figure 7 (a). The pressure distribu-

20
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. (a) Transition upstream af reattachment. S-7; ilfo= 1.9;
RL=O.92X1O6.

(b) Transition dawnstream of reattachment. S-8; ilf.= 1.9;
RL=O.87Xl@.

F’mmm 7.—Typical results from two-dimensianel oharmel illustrating
importance of traueition lacation relative to reattachment.

tion in this type of separation was affected markedly by
variations in Reynolds number. In conhwlistinction, no
abrupt rise in pressure was observed when tition was
downstream of the reattachment point (step shoulder); figure
7 (b) represents a typiofd example of this. The step height
in figure 7 (b) is smaller than that in figure 7 (a) and is
sufficiently small so as not to bring about transition. The
pressure distribution for this pure lamimmtype of separation
was affected only slightly by vmiations in Reynolds number.

These contr&iug characteristics show that the location of
transition relative to reattachment is of critioal importtmce
at least to the sepmated flow ahead of a step.

The results of the initial experiments revealed some intri-
guing similaritiesbetween various results of experiments on
separated flow from several other sources involving entirely
different object shapes. The trend observed, of a slight in-
fluence of Reynokk number on pure laminar separations, was
the same as the trend which could be interpreted from the
base-pressure experiments of Reller and Hanmker (ref. 20).
Also, the trend of large influences of Reynolds number for
transitional separations was the same as. that which could
be interpreted from many previous measurements of base
pressure. Crocco and Lees (ref. 9) make essentially this
interpretation, only with reference to transition upstream
of a “critical” location in the wake rather than upstream of
reattachment. Consequently, it seemed possible that transi-
tion location relative to reattachment might be generally
important to separated flows and that there might be some
characteristic common to a variety of separated flows having
the same relative transition looation. The seccnd phase of
experiments was conducted with various model shapes in
order to investigate this possibility. Some of the more
salient results are surveyed below; they relate to the corre-
lation between transition and abrupt pressure rise, to the
relationship between type of pressure distribution and rela-
tive transition location, and to the effect of Reynolds num-
ber variation on separated flows.

Correlation between transition and ocourrenoe of abrupt
pressure rise.-!l?ransition was determined from shadow-
graphs in two, ditbrent ways (described in the section
APPARATUS AND TEST METHODS). Under condi-
tions of low pressure “and low optical refraction, the mean
location of transition was taken as the end of the familiar
white line adjacent to a surface. Altogether about 170
casea of this type were examined corresponding to diflemnt
combinations of Mach number, Reynolds number, and
model shape. Figure 7 (a) represents one example, and
various others are shown in figure 8 afor subsonic as well as
Supmsonic flow. The terminal location of the white line is
near an abrupt pressure rise in each case. There is sulE-
cientiy close coincidence of the two locations to associate
the location of transition with that of a rapid rise in pressure.
Emphasis is placed on the fact that the correlation for sub-
sonic flow (figs. 8 (a) and 8 (b)) is much the same aa that for
Supersonic flow. This attests to the fundamental import-
ance ~f transition for separated flows.

As explained previously, both the beginning and the end
of transition could often be determined, when optical refrac-
tion was high, by the beginning and end of convergence of
the white line toward a solid surface. Altogether, about
95 cases of this type were examined for various combina-
tions of Mach number, Reynolds number, and model shape.
Some typioal examples are shown in figure 9. In most of
these examples transition occurs in an adverse pressure
gradient, and the streamwise extent of the transition region

31nthesand otherilgare%8 tqwatlon pofnt detmrnfnedfromon oiltllm obwvutioo b
m-~ M a ~ -M. Wamtfm pre=ro rfsss dotwmfnedfrom n murelotlon
@@s3ntHl M@@ CJmmmmmsnts on a variety of modd sbo~ oro raprcsantodby u nhort
lfno.

.
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is much shorter than on a flat plate. In all cases the abrupt
pressure rise occurs near the transition region, so that a
marked pressure rise again is Associated with transition.

It is interesting that, in subsonic flow over step models,
separation bubbles often were observed on the flat surface
well upstream of the step. An example is frustrated in
figure 8 (b). In such cases, oil film accumulated at two
streamwise locations; the upstream separation is that of a–
laminar layer and locat= the upstream portion of the
bubble; the downstream separation (not evident in shadow-
graph) is that of ~ turbulent layer as it approaches the step.
Turbulent reattachment presumably occurs somewhere
between the two experimentally determined positions of
separation.

The correlation of the location of transition with that of
an abrupt pressure rise has been observed previously in
many isolated cases. Experiments at low subsonic speeds
conducted on circuku
reported by Fage (ref.
of transition location
from a Stanton tube)

cylinders, spheres, and airfoils, as
21), showed similax close correlation
(determined by surface shear data
with an inflection point in pressure
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(a) CC1O”–3; M= =0.78; a= –4°; RL=O.75X 10E.
(b) B-2; M:=l.7; RL=0.57X lW.

distribution which just preceded an abrupt pressure rim.’
Analogous correlation also was noticed in transonic flow by
AcJmret, Feldmann, and Rott (ref. 4), in supemonic shock-
induced separations by Cladd, Holder, and Regan (ref. 16),
and in subsonic separation bubbles on airfoils by Gault
(ref. 8).

In spite of the many observations of correlation between
transition location and abrupt pressure rise-as evidencocl
in iigures 7 to 9 and in previous experiments-it is not
necessary that transition in a separated layer be accom-
panied by a rapid pressure rise; or that abrupt rises in
pressmrenecesmzily indicate transition. If transition is far
upstrewn of reattachment, ‘and only slightly downstre~m
of separation, then transition can occur in the mixing layer
under conditions of nearly constant pressure. An example
of this is shown in fignre 10 (a) in which tmmsition is com-

4In re~ Itwould b espxled that for srrehmrreletkmto Iwvo exfsted,tmnsltlon
wonld havo omarredwftb!n a ernefl%eptlen bnbble’t trrtbwe earlymfmrhnonts. Thin
~m - ~dfti by BnrsuelfomiLoftIn(ref.‘W SrIobbubbkebovob?enob
wrvrdfrequentlyon fdrfr@ but rarelyon a spherem ohurderoyllnder. A dkeetconilrmn.
timref the exietem~ not oftm appreokted, of a smell r.cptlrm bubble on tho up%mom
half of a drculer oyflnderfn tlmmp?rdfml Ibynolds nurnbyr.rengo!s reportedby Clnult
(ref.8) who nsM a ffqnfdflfmto detmt se~tion.
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~GWRE 12.—The three regimes for a step; Me= 3.5.

pleted well upstream of reattachment and the -pressurerise
is brought about by a fully turbulent layer as it reattaches.
If a reattaching layer is laminar and very thin, it also can
bring about an apparent rapid rise in pressure and not be
indicative of transition. An example of this is presented
in figure 10 (b) for which transition is downs&am of the
field of view. (A theory for the pressurerise of a thin, pure
Iaminar, reattaching layer is given later.) In view of these
observations, the pertinent conclusions draw-n from the
close correlation often observed between transition and an
abrupt pressure rise is as follows: Once transition is between
separation and reattachment-and is relatively close to
reattachmen&there is an abrupt pressure rise associated
with transition; hence, any change in a parameter which
experience has shown to affect transition (such as Reynolds
number, surface roughness, turbulence level, etc.) can also
change pressure distribution directly through its change in
the locntion and magnitude of the steep pressure rise. ‘

Representative pressure distributions for the three regimes
and results of high-speed motion pioture stadies.-As the
importance of transition location relative to reattachment
is now manifmt, and the importance of transition location
relative to separation has long been Imown, it is clear that
distinction should be made for any given object shape
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between the three regimes of flow separation; “pure lamimm”
where transition is ‘downstream of reattach&entj “trmsi-
tional” where transition is betiveen reattachment mid
separation, and “turbulent” where transition is upstrmm
of separation. Within the scope of this study, all three
regimes were observed for most of the model shapes, M tho
following table illustrates:
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Studies were not conducted with the turbulent regime for
leading-edge separation, or with the turbulent regime for
oblique-shock-induced separation. Much data are avrN-
able for this latter case in references 14 and 15.

Shadowgraphs and corr~ponding pressure distributions
for the three regimes, at both supersonic and subsonic speeds,
are illustrated in figures 11 through 17 for various models
and various Mach numbers. Figure 11, whioh shows the
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step in supersonic flow, reveals as well as any the basic dif-
ferences between the three regimw. The pure laminm
regime (fig. 11 (a)) has a plateau of nearly constant pressure
representing a dead-air region. The separation-point prw-

sure, p,, and the plateau pressure, pP, are of the order of
16 and 30 percent greater, respectively, than the pressure
p, just upstream of the separated region. For some step
models, pressures were measured at a few points on the
step face and were usually found-for the pure liminar
regim~to be the same as the dead-air pressure (see &g.7 (b)
for example). In a few cases, a very small pressure rise -was
observed in the corner and on the step face. It is thought
that there always is a small region near the step shoulder
where pressures on the face locally are higher than the dead-
airpressure,since a portion of the separated layer presumably
must be brought to rest on the step face. If the separated
layer at separation is thick, then the expected magnitude of
pressure increase would be small, and if it is very thin, then
the area over which the pressure increase would occur would
be confined to a small area near the shoulder. This may
exqdain why a signiiicsmt pressure variation over the step
face is not often measured. High-speed motion pictures
(taken at d10=2.3 with 2000 to 6000 frames per sec.) indi-
cated the pure lruninar separation over a step to be steady.
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klost of these’ @&ac@stics for pure laminar separation
over a step difler frorn%liose for transitional separation illus-
trabd in figure 11 (b). In the transitionalregime the bound-
ary lay& is still Iaminir at separation so the pressure rise
to separation remains about the same as for pure laminar
separation, but the role of transition is to bring about much
greater pressure rises before reattaclum Ilt occurs at the
step. Presmre variation on the step face, now easily meas-
urable, amounts to the order of 0.1 po (see fig. 7 (a) for
example). As Lange (ref. 23) has noticed previously, this
variation implies that sizable subsonic velocities exist within
the reverse flow region just upstream of the step. High-
speed motion pictures indicated the flow to be unsteady in
the region between transition and reattachment on the step.
Such unsteadiness might be expected since transition itself
is fundameni%lly a nonstationary phenomenon In spite of
this unsteadiness, the white line indicative of ltiar flow
appeared reasonably steady over most of its length whenever
transition was relatively far from separation and relatively
close to reattachment. At higher Reynolds number, though,
where transition was close to separation, the angle of separa-
tion appeared unsteady in the motion pictures as did the
flow downstream of transition.

These qualitative flow conditions again alter on passing
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FIQIJEEJ 13.—The three regimes for a step in subsonio flow; M.=0.61.
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to the tmbulent regime illustrated in figure 11 (c). The
pressure rise to separation no+ is much larger (about five
times larger), as should be expected, A plateau in pressure
(characteristic of dead air) does not occur since the.eddying
motion of the turbulent layer energizes the air. R.gssures
on the step fnm were found to vary in much the same man-
ner as for the transitional regime. The flow field observed
in high+speed motion pictures was not perfectly steady like
the lamhmr separation was, but, compared to the transi-
tional separation, the turbulent separation was relatively
steady. Shock waves occasionally appeared to move
slightly but no appreciable movement of the separated layer
c.ciuldbe detected. This de.@ee of steadiness of turbulent
separation upstream of a step appears much the same as
that observed by Bogdonoff and Kepler (ref. 14)-

The data in Iigures 12 through 17 for steps, compression
corners, bases, and curved surfaces show several similarities
within a given retie to the charactwistics just described
for n step at &10=2.3. It is emphasized that certain quali-
tative similaritiesexist irrespective of model shape or Ivlach
number, or whether the flow is subsonic or supersonic (cf.,
e. g., @s. 11 and 13). I%re laminar separations ((a) por-
tions of figs. 11 through 17) usually involve small prt%sure
changes and relatively gradual pressure gradients. They
are steady when observed in motion pictures at several
thousand frames per second.5 The transitional sepmations
for the d.itlerentcon.6guratione ((b) portions of figs. 11 to 17)
involve severe pressure gradients near transition and usuaUy
were observed to be unsteady. The only transiti?md-type
separation of those investigated which appeared steady was
that over the base(e. g., fig. 16 (b)). The various turbulent
separations (figs. 11 (c) to 17 (c)) me associated with abrupt
pressure variation near both separation and reattachment-
They were observed to be relatively .s@dy flows except for
the compression corners, which were rather unsteady in
several cases at hfach numbers near shock detachment.

A general feature worth noting concerns the proximity of
shock waves to the boundary layer in the various types of
separated flow. For pure laminar separations the shock
wave associated with separation, as well as the shock wave
associated with reattadmmnt on a flat surface, does not
enter or originate within the boundary layer (see&s. 14 (a),
16 (a), and 18 (a)). The coakcenm of compression wave-
Iets into a shock wave occurs at a considerable distance
fkom the boundary layer. In these cases, there .obvioualy
is no direct interaction of shock wave and bound~ layer;
there is, however, strong interaction of the supemonic
axternal flow and the boundary layer. When pure hmi.nar
separation is induced by the reflection of an incident shock
wave horn a ltiar boundary layer, the inident wave
necessmily enters and locally interacts with the viscous layer
near the station of impingirnent, but the shockwaves formed
nenr separation and reattachment do not originate within
the viscous layer (see fig. 18 (a)). It is ordy after transition
moves upstremn of a reattacbrnent position, thereby bring-
ing about a steep presure rise, that a shock ivave originates

$Obviondy, not dl purelaminarsaF@KMonsematmdyin snbsonfoflow. It iswellmown
that the swuoted flow ix?hhd a OYlhder dmelops into en mmkady vortex trail even at
Reynoldsnumbersmar 100whmathe mparatedflow is entirelylamimar.

partially within the boundary-layer flow near reattachment
on a surface (see figs. 11 (b) through 18 (b)). similarly,
only after transition moves upstream of separation doea o
shock wave originate partially within the boundary-layer
Elownear separation.

Ii the process of varying tunnel pressure, the conversion
from transitional-type to turbulent-me separation often
was observed to be irregular and unsteady. During such
conversion, shadowgraphs were blurred since relatively long
exposure times were used. The pressure distribution was
not smooth since the vaxious oriiice-tube connections were
not identical, and thus responded d.ifhently to the fluctuat-
ing pressure. An example illustrating these characteristic
is shown in figure 19 (a) in comparison to an example of
steady turbulent flow (fig. 19 (b)). Also, during such con-
version between transitional and turbulent regimes, oil film
did not accumulate along a threadlike line as it otherwise
did. Instead, oil wandered irregularly over the plate in a
j%ged, random fashion. It is interesting, perhaps, to note
that simiIar unsteady conversions have long been observed.
In the fundamental paper on spheres by Prandtl (mf, 1)
wherein smoke -wasused to detemuinethe line of separation,
the same type of unsteady flow with jagged separation line
was observed during the converaio’n from the transitional
regime to the turbulent regge. It is possible that certain
of the unsteady flow phenomen~ sometimes found on various
practical devices are intimately related to the unsteadiness
found on these models of simple shape when conditions
were such that the flow was on the verge of conversion
between transitional-type and turbulent+pe separation.

Representative Ifeynolds number effects for the three
regimes.—b previously remarked, a variation k Reynolds
number was found to have only a minor effect on pure
Iaminar separations. This is illustrated in figure 20 (a).
The ordinate is the pressure rise ~’–p] across the reattach-
ment region divided by the pressure pt just downstream of
reattachment. The quantity p is measured at an arbitrary
tixed point in the separated region. Some of the puro
kuninar separations are seen to be affected to a negligible
extent by variation in Reynolds number. This is consistent
with a theory to be developed shortly which indicntes that
the lack of dependence on Reynolds number is a charac-
teristic of pure laminar separations for which the boundmy-
layer thickness at separation is zero or negligible, Other
curves in iigure 20 (a) show a small Reynolds number effect
which amounts at the most to about a %-power variation,
In these cases the boundary-layer thickness at separation is
not negligible. GeneraUyspeaking, though, the pure lamhmr
sepm.ations investigated are ailected only to a small intent
by variation in Reynolds number.

& might be anticipated, transitional-type separations
behave ditlkrently than the pure kuuinar separations when
subjected to variation in the Reynolds number. The eflect
of Reynolds number on various transitional-type separations
is shown in figure 20 (b). Some of these flows are affected
markedly by variation in Reynolds, number. When such
large variations were found, it was observed that transition
was relatively near reattachment. For example, the lower
Reynolds number portion of the fled-circle data points
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shows large efTectsand corresponds to transition relatively
near reattachment, -whereas the higher Reynolds number
portion corresponds to transition relatively near separation
rmd shows much less effect. In most cases, a movement of
transition upstream of reattachment (brought about by an
increase in Reynolds number) increases the pressure rise
through the reattachment region.

Turning now to turbulent flows for which transition is
upstream of separation, the characteristic influence of Rey-
nolds number again changes rather strikingly. The tiect
of the variation in Reynolds number on various turbulent
separations is shown in iigure 20 (c). For this type of
separation, the effects of Reynolds number are either small
or negligible.

The typical effects of Reynolds number variation for the
three separation regim~ also can be clearly seen from
complete pressure distributions. Some example pressure
distributions for pure laminar separations over a compression
corner at various Reynolds numbem are shown in @ure 21
(a). These pressure distributions are only slightly affected
by variation in Reynolds number, as would be anticipated
from the trend illustrated in iigge 20 (a). Some example
pressure distributions for transitional separations over a
curved surface at various Reynolds numbers are show-n in
figure 21 (b). These data show a large etfect of variation
in Reynolds number just as do the data in @in-e 20 (b).
For example, the pressure drag coefikient of the curved
surface would change by a factor of about 4 over the range
of Reynolds numbers (0.16 to 0.81X106) represented. Also
in agreement with the trend of figure 20 (b) for transitional
separations, it is seen from @ure 21 (b) that the chpnges in
final pressure rise with Reynolds number are larger when
transition is relatively near reattachment (Reynolds numbers
iiwm 0.16 to 0.36X 10~ than when transition is relatively
near separation (Reynolds numbers hmm 0.36 to 0.81X 10e).
Some example pressure distributions in turbulent separation
at various Reynolds numbers are shown in figure 21 (c).
As previously noted in figure 20 (c), the observed dependence
on Reynolds number is small.

The characteristic influences of Reynolds number varia-
tion as illustrated for three diflerent models also can be
illustrated by a single model. A special model consisting of
three bases in series was investigated on which all three
separation regimes were found to occur simultaneously at
21 psia tunnel pressure, as may be deduced from study of
figure 22. Although the results obtained with this special
model are instructive, they do not rev&al any new feature
over and above those already illustrated in @ures 11
through 17.

Representative Mach number effeots for the three re-
gimes.-Pressure-distribution curves for pure laminar
separation over a step in the Nfach number range between
1.3 and 3.1 are presented in iigure 23 (a). Thwe curves are
for I?L=0.13 X 106. The various curves qualitatively are
siniilar, and exhibit ordy a small eilect of Nlach number on
the streamwise length of dead-air region.

Pressuredistribution curvw for titional separation

over a step in the Mach number range between 1.3 and 3.3
are pr=ented in figure 23 (b) for Rfi- 0.6X 10°. Them
curva show that transition moves downstream as the Mach
number is increased. At M.= 1.3 the separated laminar
layer is relatively unstable, resulting in transition near sepa-
ration and a large pressure rise above the plateau pressure;
at MO=3.3 the separated larnimwlayer is much more stable,
resulting in transition near reattachment and only a small
prcxxmrerise above the plateau.

The effect of Mach number on the pressure distribution
over a step in turbulent flow at Mach numbem between 2.o
and 3.4 is presented in figure 23 (c). These data correspond’
to l?~=2.6X106. The streamwise extent of the interaction c
region is seen to be not significomtly affected by variations
in Nfach number over the range investigated, The prmk
pressures, though, are strongly dependent on Mach number.

Significance to wind-tunnel testing.-l?rom one viewpoint
it is fortunate that a variety of separated flows, such as
supersonic flow behind a base, or subsonic flow in a corner,
or the flow induced by a strong shock wave impinging on a
boundmy layer, turn out actually to be dominated largely
by a single variable, namely, the location of transition
relative to reattachment and separation positions. On the
other hand, from the viewpoint of wind-tunnel testing of
prototype models, it- is unfortunate that a variablo like
transition, which is so elusive to control and diflicult to
predict, turns out to be so important. Nevertheless, moroly
an understanding of’ the dominating influence of transition
on separated flows can be helpful. For example, it is chmr
that the proper simulation in a tid tunnel of any flow
involving separation in flight, such as large-deflection control
effectiveness, btieting, or high angle+f-attack force chmac-
terid%s, would require the relative transition location to be
duplicded between wind tunnel and @ht. If the rolativo
transition location is either downstream of reattachment
(pure laminar separation) or upstream of separation (turbu-
lent separation), then the precise position of transition does
not critically affect the, pressure distribution provided the
relative location is duplicated; but, if transition is botweon
separation and reattachment (transitional-type separation),
then the precise position is important.

The requirement of matching relative transition location
between wind tunnel and flight appeam particularly impor-
tant at hypersonic speeds. Inasmuch as a separated lamimr
mixing layer is relatively stable at hypemonic Mach numbers
(see next section), transition can often occur near reattach-
ment in this speed range. Under such conditions, the type
of separation could be transitional in the wind tunnel yob
pure lamimmin fight, or vice versa. Even if a separation is
transitional both in wind, tunnel and in flight, the type of
flow field can be sensitive to variations in Reynolds number
when transition is near reattachment, as was illustrated by
Egges 20 (b) and 21 (b). In the past, interest has focused
more on flow at lower Mach numbem where transition is
relatively near separation, under which conditions a close
matching of relative transition location for tmneitiomd
reparationsis not so important.
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REYNOLDS NUMBER RANGE FOR PURE LAMINAR
SEPARATIONS

& the invcatigation progressed, it became evident that
the prevalence of pure laminar-~e separations increaaed as
the Mach number was increased. In order to put these
qualitative observations on a quantitative basis, dqta from
various models were examined to determine the maximum
Rqnolds number up to which pure laminar separation was
found at each Mach number. Such determinations from
shadowgraphs agreed well with corresponding determinations
from a break in the curves of dead-air pressureplotted against
u&]v,. The values so obtained for (u&JvJ_ were &ffer-

ent for various models, but for each model they consistently
showed strong dependence on Mach number aa illustrated
in figure 24 (a) for various step and base models. Also in-
cluded in this figure are two data points (at iM0=4 and
.i11,=4,5) determined from an examination of various un-
published spark photographs obtained by Reller and Ha-
maker during their investigation (ref, 20) of base pressure
on bodies of revolution, and one data point determined from
Xavanau’s experiments on base pressure (ref. 24). The
close agreement of data from bodies of revolution with that
from two-dimensional models is regarded as accidental.
Also shown in figure 24 (a) for purposes of comparison are
two curves representing the Reynolds number for the be-
ginning and the end of transition on an attached boundary
Inyer over a flat plate. These two curves correspond to a
Reynolds number per inch of 0.3X108, as obtained from a
cross plot of the data of figure 6.
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FIQUED 23.-Concluded.

Since models of different geometry have d.iiferentlengths
of separated layer relative to the model length, it would
seem more significant to consider a Reynolds number based
on some typical length of separated layer, rather than on
model length. A pertibent length easy to determine from

-

pressure distributions is the length & as &own. The max-
imum Reynolds number for the pure lami.mmregime
(@z/vJ~~ is plotted as a function of Mach number in
figure 24 (b) .“ It is evident horn figure 24 (b) that the sta-
bility of a larninm mixing layer increases markedly with an
increase in Mach number. In subsonic flow the separated
laminar layer is stable only to about a Reynolds number
u&/vo of 60,000, whereas at Mach numbers near 4 it is
stable to a Reynolds number of about a mdlion.

cfi..~fV.fm~Jra madfshwdiffarmtl-z+ b13tw.
the rcattachmont oca onj G and

0“ ‘“””m ‘“ - -abhor ‘“ ‘h”lmgtb & can be prwkely dekmninae length%% was OnlYap
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For purposes of comparison in figure 24 .(b), the two curves
are shown which represent the Reynolds numb em for be-
ginning and end of transition on a flat plate. These b%n-
sition data are directly comparable to the separated-flow
d8t8 from the present experiments, inssmuch as they were
obtained in the same wind tunnel, with essentially the same
model leading+dge thickness, at approximately the same
tunnel prwsurea, and under identical conditions of ewen-
tially constant pressureand zero heat tiansfer. The data are
not comparable, however, to flight conditions. Flight con-
ditions involve different ratea of heat transfer, and dit%xent
levels of extend disturbance. Consequently, the quanti-
tative values for Reynolds number in figure 24 (b) are not
of central importance. IiAead the important item is that,
compared to an attached laminar boundary layar, the sta-
bility of 8 sepmated laminar mixing layer increasesmarkedly
with an increase in Mach number.

It is noted that the data of figure 24 corr&pond to models
having relatively extensive regions of sepsxated flow; that
is, they represent separated flows wherein the length of sep-
arated 18yer b is roug~y 0.5 to 0.7 of the model h@h L.
If a separated flow extends over only a small portion of the
model length, then the data in figure 24 might not be closely
applicable. An example illustrating this is presented in
figure 25. Here the step height is 0.009L and Axis the order

Model descriptions
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(b) Reynolds number based on length of separakd layer.

FIGUZE2A-Conoluded.

of 0.3L. Over the Mach number range investigated, these
pure laminar sepmations extend to higher Reynolds num-
bers than for the main body of data representing relatively
extensive separated regions.

Although the conventional neutral stability theory—
which considers only infid&d two-dimensional disturb-
ances-is not a theory for transition, it has indicated certain
trends which transition. also follows in some cams. For
example, surface cooling stabilizes a laminar boundary luyer
according to both neutral stabili~ calculations and transi-
tion experiments. Neutral stabikty calcuhtions for the
Isminar mixing layer in compres-sibleflow have been made
by Lin (ref. 25) who finds complete stabfity at Mach num-
bers above 2.5 for conditions of zero heat transfer. It can
be said then that neutral stability theory for certain re-
stricted types of disturbances indicatea a strong stabilizing
effect of Mach number on laminar mixing layers in accord-
ance with the present experiment.

The experimental result that the stability of a separated
laminar mixing layer increases markedly with an increase in
Mach number provides an explanation of an experimental’
characteristic commonly encountered in conducting wind-
tunnel tests. In attempting to tip the laminar boundary
layer for certain wind-tunnel teds, it has been found that
the diameter of wire required increasea markedly at the
higher Mach numbers. This can be attributed directly to
the increase in stability of Sepmated lmninar mixing layers.
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FIGURE 26.—hfadmum Reynolds number for pure laminar separation
on step of small height; h/L=0.009.

If a given wire does not effectively trip the boundary layer,
then the baselike separated flow downstream of the wire, as
well m the stephke sepamted region upstream of the wire,
am of the pure laminar type. As soon as transition moves
upstream of reattachment in the baselike separation down-
stream of the wire, then the wire trip has tiectively pro-
moted transition. Thus, the maximum Reynolds number
for pure laminar-type separation downstream of the wire
corresponds precisely to the minimum Reynolds number re-
quired to fix transition. Winter, Scott-WAon, and Daviea
(ref. 19) have determined quantitatiwily from experiments
with diiTerentwire diameters the critical Reynolds number
(based on wire diameter) which will&s transition for various
Mach numbers. If their data are converted to a Reynolds
number based on Az, the length of separated lamirm layer
upstream and downstream of the tie (AZ is roughly 20d
for conditions of their experiments), then a direct comparison
can be mado with the data shown in figure 24. Their data
have the same trend as the data in figure 24, but fill about
a factor of 4 below. This situation is consistent with ob-
servations horn the present experiments, inasmuch as the
data in figure 24 represent only certain configurations and
the data for other configurations are different (as in@. 25).
A wire trip represents one configuration which is not con-
ducive to the promotion of extensive laminar separation.

The trend of increasing stability of separated lamimw
layers with increasing Mach number may be practically
significant inasmuch as separated lami.narflows have certain
uncommon characteristics which ,fight be advantageous.
After the trend evident in figure 24 was observed, it ap-
peared desirable to investigate theoretically the heat-transfer
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and skin-friction characteristics of certain simple pure
laminar separations. Such analysisis presented in a separate
report (ref. 26) which indicates that the heat transfer and
skin friction are less than those of a comparable attached
laminar boundary hy~.

MECHANISM DETERMINING PRESSURE IN SEPARATED
REGIONS AND THEORE’MCAL ~LANATION FOR IM-

PORTAN”CE OF TRANS~ON LOCATION RELATIVE TO
REATTACHMENT

Prior to further discussion of experimental results, a
digression is made herein order to develop a theory of the
mechanism which determines the dead-h pressure in a
separated region. This theory is used subsequently to
provide an explanation of the principal experimental result
of the preceding section; namely, that transition location
relative to a rcatta@rmnt position is of crucial importance
to separated flows.

THEORE~CAL ANALYSIS OF LEADING-EDGE SEPARATION

In order to establish a separated flow amenable to a
simple theoretical calculation which requires no empirical
lmowledge, and which would thereby be helpful in analyzing
the mechanism governing pressure in separated regions, a
special type of model was investigated which produced
leading-edge separation. This type of separation actually
represents a limiting case both of separations behind a base
and of separations in a compression corner, the limit being
taken in each case as the distance z,, from leading edge to

—
(i) boding –edge seporoticm

—

oil Bose - pressure separation,/’ /,

- #“..‘‘-’$
(iii) tipressicm-cornw seporolion

separation, approaches zero. Leading-edge separation is
relatively easy to analyze because the complicated course of
boundary-layer development in the region of pressure mria-
tion between the bouqdary-layer origin and its position of
separation need not be considered. Also, calculations of the
laminar mixing layer already are available (ref. 27) for
flows of this type wherein the boundary-layer thickness at
separation, 8,, is zero, and the pressureis essentiallyconstant.
These theoretical calculations would apply directly, provided
that transition is excluded from consideration.

Before developing the basic idea for calculating dead-air
pressure, it is advantageous to outline the results of the
ltiar-mixing-layer theory which forms the basis for such
calculations. Typical streamlines in the viscous mixing
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region and a representative velocity profle are depicted
below. A uniform stream of velocity u., Mach number
Me, rmdpressurep~mixes with a dead-air region (of pressure
p~=p.) hatig dimensions large compared to the thickmew
8 of the mixing layer. The mixing-layer thickness grows

Lu. -1

parabolically with distance from the origin of mising just
as a laminsx boundary layer grows, but the rate of growth
is roughly three times that of a correspond@ boundary
layer. The velocity profles at diflerent streamwise stations
are similar; hence, the velocity ratio 7iJu.‘along the dividing
strewnline does not change with Reynolds number or with
distance from separation. One consequent of this fact
soon will appear. Moreover, this velocity ratio changes
only dightiy with variation in Mach number and in tem-
perature-viscosity relationship. Computed values, referenm
27, of ~ju~ me obta~ed by So]tig the familiar nonlinear

diilerential equation of Blasius with unfamiliar boundary
conditions. Some vrdues are tabtiated as follows:

Computed valuesof Ii.=r.t. (rrl 27)

Mo&&lmk, forP.-T. [orp.= T.0~
.

0 O.w 0..s57
.s57 .ss3k .ss7 .691

3 .5s7 . .R33
s .K17 .&m

In subsequent calculations, the ratio ii@.=7& appears often.
From the table, it is clear that the single value ~=0.587,
corresponding to the linear temperature-viscosity relation-
ship, is a reasonable approximation for all conditions. It
is noted that the tabulated values of% involve no empirical
constants and are ~xact within the hmework of the
boundary-layer equations.

In the calculation of dead-air pressure, the essenti~
mechanism is considered to be a balance between mass
flow scavenged from the dead-air region by the titig layer
and mass flow reversed back into the dead-air region by the
pressure rise through the reattachment zone. For steady
flow the dividing streanlline at separation as calculated from
mixing-layer theory must also be a dividing streamline at
reattachment. If this were not the case air would be either
continually removed from or continually injected into the
dead-air region, and the scnvenged mass flux would not
bakmm the revemed mass flux. The pertinent conditions
are illustrated of the reattachment zone and of the corres-
ponding pressure distribution.

Pre5sure

Reotlochmenf
zone

DIstonco

In order for a particle along a stremnlirw wi(hin the misinu
layer to be able to overcome the presmwc rise through th~
reattachment zone and to pass downstream, iis total pressuro
pt must be grmter than the terminal static pressure # at
the end of the reattachment zone. As sketched nbove, par-
ticle (a) passes downstream in this manner. Particlo (b),
however, has a low velocity with corresponding low total
pr+s-sureand is reversed before the pressurerisesfrom p~ to p’.
The dead-air pressure is determined by requiring 7 thrtt tho
total pressure along the dividing streamline ns it approaches
the reattachment zone

( )Pl=pe l#–T! ~p ‘/(’-1)

( -f—1f~z )
7/(7-1)

‘Pd 1+~ (1)

be equal to the terminal stntic pressure p’. Thus tho flow
is divided inta two regions: a viscous layerwherein the pres-
sure is assumed to be constant, and a reattachment zono
wherein the compression is nssumed to be such that not much
total pressure is lost nlo~~ the dividing streamline, This
yields

pd= P’

( )

~_l ~ 7/(7-1)

1+~

(2)

To cast this equation into a convenient form, it is necessuly
to relate ~ to the terminalMach number M’, or to tho MaclI
number M. along the outer edge of the mixing layer. From
the mixing-layer calculations in which the Prandtl number is
aaamed to be unity,s the Mach number ~ along the dividing
streamline is related to the corresponding velocity Z by the
Busemann isoenergetic iptegmd of the energy equation if the

r.&~dkused Mm. esntfally the wmreIdea alsohm bcon omploycd eflcotlvoly to ml.
adata Mm Preswe for tnrbrdont bormdory layers fn a rwmnt fmp’rr by Komt, Pogo, and
Ohnlis(roe10).

8A Iengastemwraturo Proafm orhmt-trader ohmaoterlstlr9orenot cennkfomd,tho
essamptfenPr- 1provfdea sMUaotmY approxhmtfon for ofr. Foresampfo,at31’=2 tfro
cnfcmfatedMu? ofPi.fp’ for Pr-O.72 (the approximate value for afr) fs only 0.026Mow thot
for Pr.1. CmwMIuontly,the onnfydsfor Pr-O.72 fe not Pmsontadheroos [t b rmzohmom
mmpl~ end dws not yblds 5nol equetfon fn ofssedform.

.
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dead-air temperature Z’d is equal to the outer stream total
temperature.

(3)

rind by the ~occo integral if Td diilem frcm Tti. (See ref.
27.) Ah present, the dead-air temperature is considered
eqmd to the recovery temperature (Tt, for F?= 1), so that
Busemann’s integral for rLperfect gas yields

(4)

Combining the above two equations gives an equation for
demd-airpressure

L z J

where ?i~=o.687. Since G is independent of Reynolds
number, pd also is independent of Reynolds number. Body
shape affects p~ only through its effect on p’, the reference
pressure.

A more convenient equation for pdlp’ can be obtained by
expressingMCin terms of the Mach number M’ which exists
just downstream of the reattachment zone. Because the
outer edge of the laminar viscous layer curves smoothly, the
trailing shock wave does not form within or ne.m this viscous
layer, and the flow along this outer edge is isentropic.
Hence the values of M’ and p’ for two-dimensional flow are,
in the terminology of reference 28, the same as the “equivalent
free-stnmm conditions” approaching separation. For isen-
tropic flow along the outer edge of the viscous layer

()1+7+ M,*
Y/(T-l)

P’._P’_
Pd P. ~—lM,*

(6)
1+~

By combining this with equation (5), there results

i’kf”= (1–ii.’) M,’ (7)

which yields the simple physical interpretation that the
Mach number ratio across the laminm reattachment zone
M’/M6 is a constant equal to (1—Z47ua=0.81. Equations
(5) nnd (7) provide an explicit equation for dead-air pressure.

[1
?’— l&f/2 7/(7-1)

1+~
~d_——
P’ _1+7—1 .J@

(8)

2 (1--~’)

This equation was presented in reference 12 without deri-
vntion.

The foregoing theory also would apply to low-speed flow.

By taking the limit of equation (8) as JM’~0, there results

-----{[1;:=.2pal-p’ _ pal-p’ _ ~ 2
!Z’ ~ 134J2

FjP

or, since %=0.587, ..
5 ,-

~=–O.526
(10)

7jP@2

Equation (10) for incompressible flow, just like equation (8)
for compr=ible flow, would apply irrespective of the Rey-
nolds number or the shape of the dpad-air region.

The chief approximations and restricting assumptionsmade
in the foregoing analysis should be noted. One essential
approximation is that the comprasion is isentropic along the
dividing streamline through the reattachment zone. Actu-
ally there would be some change in total pressure. Another
approximation is that the dividing streamline terminates at
a point where the pressure is p’ rather than at the reattach-
ment point where the pressure is p,. Considering these two
facts, the fundamental equation corresponding to equation
(2) would be

‘d=n(l++i)y’(y-’)\
where q=p,@, is a factor (not necessarily 1S than unity)
representing the “efhciency” of compression relative to that
of an isentropic process. It is evident that the use of p’ in
equation (2)-rather than the use of pJq-entaiJs the disre-
gard of two factors: the pressure rise downstream of reat-
tachment and the viscous effects on the compression along
the dividing streamline. tilde frcm these approximations
it is to be remembered that the substitution m =0.587 in
equation (8) is restricted to steady, two-dimensional, pure
kdnar, separated flows having zero boundary-layer thick-
ness at the separation point. If the boundary-layer thick-
ns at separation were sizable, equation (8) would still
apply, but the velocity prdi.les at different stations aldng the
mixing layer would not be similar arid% would not be 0.587.
The value of% would have to be calculated by solving the
partial diilkrential equations of viscous flow for each case.

EXPERIMENTAL RESULTS FOR FLOWS WITH NEGLIGIBLE
BOUNDARY-LAYER THI~ AT SBPAIZA’lTON

There are two featurea of the theory which can be tested
quantitatively by present experiments: the absence of a de-
pendence on Reynolds number, and the calculated depend-
ence on Mach number. Three typical shadowgraphs from
the experiments on leading-edge separation are shown in
@e 26. Unless speciiied otherwise, the measurements cor-
respond to an attached bow wave as in figurw 26 (a) and
26 (c) rather than to a detached wave as in I@re 26 (b).
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In principlq equation (8) should apply equally well to both
types of bow wave, as long as ill’ and p’ am known. In
figure 27 the measured variation of pJp’ with Reynolds num-
bers at M’= 1.8, where the bow wave is detached, is com-
pared with the value calculated from equation (8). There

(a) CC35”-2; dfm=2.3; a=15°; M’= 1.5; R=~=10.9XlCP.

(b) CC35”–2; M.=2.3; .=35°; .WS2.O; R=~=9.2X 1(P.

(0) CC20°-l; M==2.3; .=–5°; lif’sl.3; i?=9=22.8Xl@.

I?rffum 26.—Pure laminar separation with negligible boundary-layer
tbiclm- at separation.
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FIGURE 27.—Absence of significant Reynolds number effeot on dead-air

P~ for wedge models With leading-edge laminar separation.

is seen to be no marked variation with Reynolds number. A
si.rq.ilarabsence of such variation also was observed at other
Mach numbers investigated (1.3 to 2.0). It is apparent also
from figure 27 that the calculated and experimental values
agree rather well. Agreement of this nature extends to the
other Mach numbers investigated, as is shown in figure 28
where the various data points plotted at each Mach number
representmeasurementsat different Reynolds numbers. The
several data points corresponding to a detached bow wave
fall somewhat below the general trend, but not far below.
Considering the simple nature of the theory and the fact that
the calculation involves no empirical information or adjust-
able constants, the observed corr&pondence of themy and
experiment is quite satisfactory. This &ablishes consider-
able cofidence in the mechanism postulated for the cal-
culations.

Although the present experiments did not include cams of
pure laminar leading-edge separation at low speeds, some re-
cent experiments of Roshko (ref. 29) approximate such con-
ditions and provide further test of the theory. In order
largely to avoid the usual unsteadiness of subsonic wakes,
Roshko employed the splitter-plate technique. His data for
cylinders and a flat plate normal to the flow are shown in
figure 29. These data do not show anyaignii?mantdependence
either on body shape or Reynolds number. This lack of de-
pendence is in accord with the theory. For quantitative
comparison with the theory, it is assumed that p’ =p.
which is indicated to be closely the case by several strenm-
wise wake pr-ure distributions presented by Roshko. The
agreement exhibited in figure 29 is quite good. The close
agreement should be viewed with reservation inasmuoh as the
splitter plates did not always render the flow perfectly steady,
and the mixing layer may not be entirely lamirmr. The
Reynolds numbers are low enough though (5,000 to 17,000),
so that extensive laminar flow would be e.spected along the
mixing layer.

-If) 1.5 20 2,5
M’

Frcxn=m X.-Comparieon of theory and experiment for pure Iaminar

separations with negligibleboundary-layer thioknm at separation.

0246810 1214 16 18xl&

IWmnm 29.—Comparison of theory with experiments of Itoahko
conduoted at low speed; M’= O.

For incompressible flow, a comparison of the present theory
can be made with a numerical solution to the full Navier-
Stokes equations obtained by Kawwguti (ref. 30) for the
steady flow over a circular cylinder at Reynolds number 40.
His solution yields a value of –0.55 for the pressure cccl%-
cient at the rear of the cylinder. The corresponding experi-
mental value (ref. 30) is about the same. This is surprisingly
close to the value —0.526 obtained from the present theory.
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Additional evidence as to the soundnw of the basic c&u-
Iation method is provided by an independent theoretical anal-
ysis of lKorst, Page, and Childs (ref. 31), which became avail-
able during preparation of reference 12. In their analysis,
the same basic method is used for calculating dead-air pres-
sure. Since they were concerned with fully turbulent flow
rather thrmwith pure laminar flow, their results complement
the results of the present research. A direct comparison of
their equations with equation (8) cannot be made since they
did not present an explicit equation for dead-air prwmre,
but SLcomparison can be made of the various assumptions
employed in the two analysis. Such comparison indicated
only small, relatively unimportant differences in the two cal:
culation methods. For calculating the velocity ratio %
along the dividing streamline they employed a simplified
equation since the rigorous equations for turbulent flow axe
unsolvable. They obtain values of z for turbulent flow
ranging between 0.62 at zero Mach number to apparently
1.00 at infinite Mach number, whereas the corresponding
value for Iamimm flow is 0.59, as noted earlier. They
used the oblique shock equations across the reattachment
region, whereas the isentropic equations are applied above
for pure laminar flow. The dead-air pressure was calculated
by equating the total pr-ure along the dividing streamline
to the static pressure downstream; this is the essential idea
common to both analysea. They obtain very close agreement
with base pressure measurements for turbulent flow over a
wide range of conditions, and this strengthens further the
simple idea common to the two calculations.

It is noted that the values of pJp’ in figure 28 for pure
lamkmr separations with &= O are not much greater than
for turbulent base pressure measurements (ref. 17) with
&x(). From the theoretid viewpoint, this arises because
the corresponding values of Z are not greatly d.iilerent.
Thus, a thin reattaching laminar layer can undergo a pressure
rise comparable to that of a thin reattaching turbulent
layer. Hence, with &= O, the movement of transition from
downstream to upstierun of reattachment would not marked-
ly alter such flows. Experiments cdrm this. For example,
at Reynolds numbers beyond those shown in iigure 27, at
which the separations on both CC35°— 1 and cC35°—2
were tr@tiOnd, the vrduea of pajp’ were ordy slightly
smaller. On the other hand, when &is relatively large and
G for laminar flow is much less than 0.587 (corresponding
to 6,=0), then the movement of transition from downstream
to upstream of reattachment can markedly alter flow ccm-
ditions.

In regard to theoretical methods for calculating dead-sir
preamre in a separated flow, it is noted that there is one
aspect of the Crocco-Lees theory (ref. 9) which appeazs to
beat variance with both the present theory and with certain
oxperimenta. This aspect ie discussed in Appendix B.

ANEXPLANATIONOFTHEIMPORTANCEOF TRANSITION LOCATION
RELATIVE TO REATTACHMENT

The basic mechanim asaumedin the calculation of dead-
air pressure appears well confirmed and thus can be used
now to provide an explanation of one of the main experi-
mented reauhs described earlier, namely, an explanation of
why a separated flow changes markedly when transition

026597+~0
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moves upstream of the reattachment position. For equi-
librium, the basic requirement is that the mass flow scav-
enged (m,J from the dead-air region by the mixing layer
balance the mass flow reversed (mJ by the pressure rise
through the reattachment zone. This can be made clear by
considering the variation of m,w, and ~. with dead-air
pressure for conditions removed from equilibrium. It is
assumed temporarily that transition is slightly downstream
of reattachment. For simplici~ the external flow is assumed
to be supemonic and two-dimensional. ~ p*/p’ is near
unity the mixing layer is long and m,,a, is large

since it depends on the product p,uc as well as the length of
-; but if PJP’ is near zero, the m&g laYer is short,
p.’u, is small,

msm- ffrev

and m,a, is small. Thus the scavenged air increases as p~
increases, aa illustrated. The revemed flow, however,
follows & opposite trend;

I

— Transition
m

——— Transition

downstream of R

upstreom of R

if pJp’ is near unity, the pressure rise p’–p~ is small and
%m ie smti, but if pal/p’ is near zero the pressure rise ie
large and %. is krge; hence, z%Wdecreases as pd increases,
as illustrated in the mass-flow curves. lhtersection of the
curves determines pd for equilibrium (provid”edno mass flow
is injected or removed by external means). If transition
were now to move suddenly to a new position slightly up-
stream of reattachment, say, to the position of the dotted
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line in the lower ~~ht portion of the following sketch repre-
senting the equilibrium

a-.4g
Equilibrium ,%; R

I%MV’ Ww-

condition, then m,m,would be affected only negligibly since
the distance between transition and reattachment is negli-
gible compared to the distance between separation and
transition The new m,a. curve (dotted line in the above
mass-flow curves) would be close to the corresponding m,m,
representing transition slightly downstieun of reattachment
(solid line in the above mass-flow curves). Because of the
turbulence, however, the mr~scurve would be much lower.
The energy imparted to the low-velocity portion of the
mixing layer would be much increased by the transport of
eddies from the o~ter stream and this enwgizing process
would greatly reduce the amount of air reversed for a given
pressureratio pJp’. The new equilibrium dead-air pressure
would be represented by the intersection of dotted mass-flow
curves. & transition moves upstream of reattachment,
therefore, tie ratio pdlp’ would be expected to decrease
substantially. This agrees with the experimental observa-
tions described earlier, irrespective of whether the separation
is induced by a base, compression corner, curved surface,
step, or an incident shock wave.

Transition actually should begg to dlect a separated
, flow as soon as it occurs in the smaUrecompr=on region

downstream of the reattachment point, even if negligible
turbulence esists upstream of the reattachment point. In
this region, where the preswre M betweem p, and p’, the
introduction of turbulence would permit a greater pressure
rise p’—p, to occur after the reattachment point, and this
would change the dead-air pressure. Obviouily transition
is not a steady, point phenomenon, but is spread over some
distante. Strictly speaking then, the pure laminar regtie
would end as soon as appreciable turbulence occurs in the
downstream portion of a reattachment zone. A separated
flow that is laminar only to the reattachment point could be
quite d.Merentfrom the pure larninar type, which is defined
m being laminar through the reattachment zone.

CHARACI’ERISTICS ~EPENDENT OF THE MODE OF
INDUCING SEPARATION (FREE INTERACIYONS)

During the course of experimentation, it was observed
that certain characteristics of separated flows did not depend
on the object shape or on the mode of inducing separation.
Similar observations previously have been made in the re:
searches of ~add, Holder, and Regnn (ref. 15) and of 130g-
donoff and Kepler (ref. 14). Any phenomenon near separa-
tion which is independent of object shape would not depend
on geometric boundary conditions which describe the flow
downstream, but would depend only on the simultaneous
solution of the equations for flow ~ the boundary layer
together with the equations for flow external to the boundary
layer. Such flows that are fieefiom direct influences (though

not free from indirect influences) of dow-nstrmm geometry,
and are free from complicating influences of the rnodo of
inducing separation, arbitmrily will be termed ‘Yree inter-
nctions” for brevi~. ~ the present section, some pressure
distributions are compared fit for a given body in super-
sonic and in subsonic flow. Free interaction is observed in
supemonic separation, though not in subsonic separation
on this body. A simple amdysis is then made of the Reynolds
number dependence of free interactions in supersonic flow.
Subsequent to this analysis, vcrious experimental results
are presented and compared with the analysiswhere possible.

nmTs FOR vmrous 8&ARATJ4D mows

DMerence between subsonio and supersonic separa-
tions.-A fundamental difference between subsonic and
supersonic separations ean be seen from pressure distribu-
tions obtained at various Reyuolds numbers in subsonic
and in supemonic flow for a given model geometry. Meas-
ured diidributions for laminnr separation ahead of Q 10°
comprwsion corner in subsonic flow are shown in figww 30 (n)
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(a) subsonic; CCIO”–3; 0.4<M0 <0.8; a= –4°.

(b) Supersonic; CC1O”– 2; .MO=2.0.

FmuaE 30.—Comparison of subsonic and supersonic flows at vnrioua
Reynolds numbem.

together tith the calculated distribution thnt would exist
in an incompressible, inviscid fluid (dotted line) .g At theso
subsonic speeds (0.4<M. <0.8) variation in Reynolds
number brings about only small changes in pressure clis-

!Thmcahmletlonsweremadewith smaU411stmbencethem-yby superimposing tho OP.
proprlate thfokmesspremore dfstrititions fc+wedgw with the nprroprlnte Uft pmssum dls.
bibutfon foren fnc.fhdflatPkta
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tributio~ and no measurable change in pressure rise to
separation (@, —pJ/q. .ia equal to 0.08+0.005 for w B).
Moreover, the distribution is roughly that which would
exist in an inviscid flow, as represented by the dotted line.
b Contrast,the preesure distributions shown in figure 30 (b),
which also were obtained on a 10° compression corner, in
the same wind tunnel, and over the same Reynolds number
range, exhibit relatively large changes in pressure distribu-
tion ns well as easily measurable changw in the position of
and the pressure rise to separation. Further cxmtrast is
exhibited by the dieparity between the measured distribu-
tions at supersonic speed and the calculated distribution
for inviecid flow (a constant pressure with discontinuous
jump as indimted by the dotted line). These data illustrate
how tho pressure distribution in subsonic flow near and up-
stream of separation is determined primarily by the inviscid
flow pressure distribution about the object shape, and ordy
secondarily by the Reynolds number dependent interaction
between boundary layer and external flow; whereas, in super-
sonic flow, the pressure distribution near separation is de-
termined primarily by a Reynolds number dependent inter-
action (free interaction) and only secondarily by the inviscid
flow pressure distribution.

Only in superwnic flow were free interactions commonly
observed in the present experiments. The fact that they
were not observed at subsonic speed does not necessarily
mean that free interrtctions cannot occur at such speeds.
Lighthill (ref. 32) has made an analysis of the incompressible
flow upstream of a step, which, in effect, assumes that the
pressure distribution is determined by interaction of bound-
ary layer and internal flow. In the prment experiments,
relatively small steps were employed and the presmro dis-
tribution was determined primarily by the geometry of the
model, and only seumdarily by interaction phenomena.
Consequently, the present experiments and L~hthill’s
theory for incompressible flow upstream of a step are not
~mpamble. It would appear possible, by using a step
with larger ratio of step height to plate length, and a model
with smaller leading-edge angle, that the pressure distribu-
tion in subsonic flow might be determined primarily by
interaction phenomena and only secondarily by external
constraints imposed through model geometry.

Simplified analysis for free-interaction regions,-11 a
prcaaure distribution is determined locally by free inter-
action of boundary layer and external snpemctic flow,
then the applicable equations are the momentum equation
for stendy flow in the viscous layer coupled with the follovr-
ing equation for external supersonic flow:

(11)

This equation would apply for both laminar and turbulent
flow. For the special case of free interaction in regions
where the inviacid pressure distribution (fit term in eq.
(11)) is constant or is small compnred to the interaction
term, certain information about the effects of Reynolds
number can be extracted from order-of-magnitude argu-

ments alone. Since the sate of boundary-layer gro-;,-th is
small, equation (11) for a free interaction is written as

(12)

The subscript o designates conditions at the beginning of
interaction, that is, at the downstream-most point upstream
of which the pressure ie sensibly the same as the inviscid
flow. If Zi is a length characteristic of tlie strenmwise ex-
tent of free interaction, then order-of-magnitude considera-
tions applied to equation (12) yield

(13)

Turning now to the equation for viscous flow, the usual
boundary-layer momentum equation

(14)

would apply provided the transwme pressure gradients
within the layer are small comprwed to the streamwise
gradients. This would be the case for laminm flow but is
questionable for turbulent flow, since the detailed surveys
of Bogdonoff and Kepler (ref. 14) at .Mo=2.9 reveal the
awrage transvarae gradient near separation to be larger, in
fact, than the streamwiee gradient. Since large curvature
of streamlines is required for large L-ansverse pressure gra-
dients, and since the streamlinesmust approach straight lines
in the immediate vicini~ of a straight wall, it follows that
only in the outer part of a boundary layer is the streamline
curvature large near separation and the turbulent boundary-
Iayer equations locally questionable. For this reason, the
boundary-layer equation is applied fit the wall where it
becomes

dp ar
()Z–byw (15)

This applicatiomplaces emphasis on the low-velocity pnrt of
the boundary layer, which appears desirable m analyzing the
flow approaching separation. By applying order+f-mngni-
tude considerations to equittion (15) there results for constant
Mach number .MO,

(16)

In thislast step, the wall shear Tm.at the beginning of inter-
action haa been taken m a measure of the vmiable wall
shear ra. What this and thc previous steps amount to is the
consideration of a family of similarflows having a fixed Mach
number, but ditiering in the Reynolds number.

Mach number dcpcndcnt factors have been omitted from
equation (16) since they arise from density variations across
the boundary layer and would be smoothly varying functions
of fuo. In contrnst, the factor (J=)’1 arising from
density variations along the edge of the boundary layer was
retained in equatiou (13) since it is a singular function at
MO= 1, and would be the dominant factor if iMOis only
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slightly greater than 1. By multiplying equations (16) and
(13) there results

and, by dividing them, there results

$-(d&J-&J-J!LIP (18)

For convenience, the ratio Ef of skin fiction at a given
Reynolds number to skin fiction at a Reynolds number of
one million, is introduced

(Cfo)

- (C,O)R.W
(19)

-.

At constant MO, then, equations (17) and (18) become

1* 1—-—
6* J&

(17a)

(18a)

Equation (17a) was origi&lly presented in reference 12
without derivation. Curves of @r as a function of Reynolds
number are shown in figure 31 for both laminar and turbu-
lent boundary layers. The curves for laminm layers rep-
resent a (l?=>‘Ji variation. The curves for turbulent layers
represent the variation indicated by the K6rm&n43choenherr
equation applicable to incompressible flow. A more accurate
variation applicable to compredble turbulent flow is un-
known at present.

The above results, a-s regards variation with Reynolds
number, would apply to the pressure rise in either laminar
or turbulent flow, provided the flow is determined by bee
interaction and not complicated by influences of downstream
geometg; they would apply-to the separation pr~e rise
(P~-PJ, to the pmk or pla~u press~e rise (P~-PJ, ~d
h the over-all configuration pressure rise for incipient sepa-
ration if such rises were determined by free interaction. For
the particuhr case of pressure rise to a laminar separation
point, equation (17a) agrees with the fit analysis of thi9
problem made by Lees (ref. 33), who obtained a R=O–~vari-
ation. Subsequent analyses have obtained dift’erentresults
(e. g., R.O+$variation in ref. 34). It should be noted that
the approach used above considers interaction of boundsxy
layer and external flow to be the heart of the problem (as
also is considered, though in more detail, in refs. 9, 33, and
35). Other approaches to the problem of boundary-layer
separation in supersonic flow have disregarded this interac-
tion (e. g., refs. 36, 37, and 38).

Experiments on effects of geometry, Reynolds number,
and Mach number for lmn.insrseparation.-lnasmuch as the
pressure distribution in laminar separation depends on
Reynolds number and Mach number, it is necessary in as-
sessing the effects of model geometry to hold these numbers
&red. Some pressure distributions obtained with four dif-
ferent modeb step, a compression corner, a curved sur-

“:lon 2 3 4 6 8 Ion+1,

(a) Lfminar flow.

(b) Turbulent fiOIV.

FrwnE 31.-Square root of local skin friotion as funotion of Roynolti
number.

face, and an incident shock model-axe presented in figure 32
for. the fied conditions of MO=2.3 and RZO=0.20X 10e.
The dotted lines risiig from terminal data points designate
the eventual rise in pressure observed as the sepmated
lamimu layer either begins to reattach or to be affected by
transition. It is evident that the pressure distribution does
not depend significantly on the mode of inducing lmnimr
sepmation (this independence will be further substantiated

>
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/ f’
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:
I
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- CS25” - I s-3
o“~ o-~

1.1 I I
Approximate ~ioo -~ I5“-J.*

‘y pi”: y“~

1.0
-.4 0 .4 .8 12 [.6 2s) 24

FIGUEE32.—Independsnca of pressure distribution and method of
inducing Iaminar separation; M.=2.3; R-O= 0.20*”OIX 100.
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in subsequent figures). Such pressure distributions repre-
sent free interactions.

To resees the influence of Reynolds number, only the
Mach number is held fixed. AE is illustrated by the data
in figure 33 for Mo= 2.3, the curves for various Reynolds

I .4
I I I

Rxo=0.037 X 106

A’ Q

1.3 A -

-i@ o CS25”-I
❑ cc 15”-3 —
o s-3

1.1
0 s-7

l.o
-.4 0 .4 .8 1.2 1.6 20 2.4

~
4?

FImJnD 33.—Effeot of Reynolds number on pressure diatibution in
Iaminar separation; .ilf.=2.3.

numbers are qualitatively similar but quantitatively quite
different. An analogous spread of the curves was observed
at the other supersonic Mach numbers investigated. For
quantitative comparison with results from the simple di-
mentiomd rmalysis, the pressure at separation, p8, and the
plateau pressure, p~, are plotted in figure 34 as a function
of B,o. Common reference lines (dashed) are shown in both
figures 34 (a) and 34 (b), from which it appears that both p.
rmd PP approximately follow the same curve irrespective of
whether transition is upstream or downstream of reattach-
ment. Actually, when the type of separation changea from
pure Iaminar to transitional, the distance z. changes, but not
the relation between pressure and R=fi. It is noteworthy
that the result from the simple order&-magnitude anal=
of free interactions (Ap/po~~fN (Rzj + for laminar flow)
is in good agreement with the experimental data over the
wide range of R*Oinvestigated (1.2X104 to 1.2X 10~.

Attention is called to several restrictions pertinent to the
correlation of the laminar pressure rise data of figure 34.
One such restriction is to two-dimensional flow. The oil-
fihn technique revealed readily any flow that was not two-
dirnensional. Shadowgraphs likewise indicated occasional
departures from two-dimensional flow. AU example of this,
where the shadowgraph indicates multiple separation lines
(and the oil film similarly indicated lack of two-dimeneional-
ity) is shown in figure 35. The downstream geometry of
this particular model was not uniform across the span.
Under such conditions the peak-pressure rise was found to be
less (up to about 30 percent) than for the correlated data of
figure 34. In figure 36 some data are presented which
illustrate rm additional restriction for correlation of transi-
tional data, namely, that transition not be too close to
separation. In this figure the predsure at three d.Herent
points is plotted for a step model: the pressure at separation
Z% the pla~u pr-ure PP, ~d the pressure meaaured in
the step corner p,. At Reynolds numbers below 10s the

104 2 34 6 8 105 2 34 68 [062
UoXoR:—

%

(a) Purelaminar separation; JW.=2.3.

(b) Transitionalseparation;iVo=2.3.

FIGDEE 34.-Effect of Reynolds number on prmmre tie to separation

and plateau pressure.
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Fmcmm 35.-Shadowgraph indicating lack of two-dimensional flow;
s–3; iKo=3.0; RL=O.57X NY.

separation is of the pure laminar type, since pc does not differ
from pp; both p,–p. and pP–pO are close to the dashed lines
representing the correlation of figure 34. Between Reynolds
numbers of 10Eand about 2.5X 10s, the separation is of the
transitional type since p. rises well above pp, but both
P*—POand PP—POstfl follow the same RzO–~variation as
the correlated data. Above R=a=2.5X 10s, the separation
type remains transitional, and “the pressure dis~butions
(not shown) reveal transition to be approaching closely the
separation point. Both p, and pp depart from the correlated
data above this Reynolds number. “When transition is close
to separation, the flow in the neighborhood of separation
would not be expected to be steady and often was not.
Examination of various data obtained in the present experi-
ments revealed two sticient conditions for correlation:
(1) that the pressure distribution have a length of sensibly
constant plateau pressure not less than about 1.5 times the



.—- . .. —-.—. . —. .—— .—

452 REPORT 135&NATIONAL ADVISORY COMMI’ITEE FOR AERONAUTICS

,x’=%--’
0

I04 2 “3 4 68 K?23’4 6 8 10°
U. X.

R=F

FIGURE 36.—Datn iilustmting restriction for correlation of trrmsitionrd
data; S–3; .U.=2.3.

length over which it takes the pressure to rise from p. to p,;
(2) that the disturbrmce due to transition-as measured by
the magnitude of pressure rise above the laminar pl&xm-
not ameed two to three times the pr-ure rise to the laminar
plateau. IVo necessary conditions for correlation could be
observed from tho data obtained, but it would be expected
from theoretical considerations that the lamirmr separation
should be steady and have at least a short length of plateau.
These various restrictions may account for the lack of
consistency in some previous measurements of pressure rise
in laminax separation.

The fact that @,—pJ/p. and (pP-pJ/p~ in laminar flow
vary nearly as JZ~Z.Rz ‘~, in agreement with the simple
dimensional analysis, &courages a further t@ of the
analysis by examination of the entire pressure distribution.
In larninar flow ~*-z(ll.)-~~z~f, so that equation (lSrL)for
the.characteristic interaction distance 1*becomes

(19)

Since Ap/&.-&~, it follows that correlation of the pressure-
distribution curvm would be espected b-y plotting [(p-pO)/
P.](%)->i versus [(z—zJ/zJ (tf)–~. A plot of the data in
figure 33 using these special coordinates is shown in figure
37. Data from a compression corner, a curved surface, two
steps, and an incident shock-wave-induced separation are
included in this figure. The various pressure distributions in
tho special coordinate system appear independent of Rey-
nolds number as well as independent of object shape in
conformity with the simple analysis of free iuteractions.

In view of the tori-elation observed for Reynolds number
effects on the pressure distribution in laminar separation,
it follows that the essential results pertaining to pressure
rises can be obtained from a plot of the quantitiw [@,—p.)/
PJ(3~)-X and [(p~-pJ/pJ(?~)-~ as functions of Mach num-
ber. Such a plot is shown in ilgure 38. Near ill.= 1 the

J6

J2

+

~.
.08

&f

04

0
-2 0 .2 .4 .6 .8 1.0 1.2

~

“on

Fmurm 37.—Correlation of pressure distribution for lnmbmr sepmation
for various model configllmtions nnd Reynolds numbers; .ilf.= 2.3.

singuhixity (MS-1 )-~ should dominate in equation’ (17)
and the plateau presmre rise (pP-pJ/go should asymploti-
cally follow a (-illO*—1)’~ variation as A40approaches unity.
Hence (pP-pJ/p. should asymptotically follow w-M3(M?-
1)–~ variation. The dotted line in figure 38 ropresonts

&&
Po@-

.4

.3

2

J

0,
2 3 4

I&

Fmuan 38.—Effect of Mach number on chamcteristica of lamfnrw
separation for a serka of model configurations rmd Raynolds
number3.

such a variation. Unfortunately the data do not extend to
sufficiently low Mach numbers to test critically the predicted
increase in pressure rise near .&f.= 1. Over the rango of
data obtained, however, there is surprising consistency with
the theoretical variation. This consistency accidontrdly ex-
tends to supersonic Mach numbers much higher than could
be expected from a knowledge of the assumptions mtido in
the analysis.

Experiments on effects of geometry, Reynolds number, and
Mach number for turbulent separation,-The prcasure
distributions for turbulent separation over a step, a compres-
sion corner, and a curved surface are shown in figure 39 (u),
These distributions are for a constant Mach number of 2.o
and a constant Reynolds number of 3.1X 10°. Only tho
model shape dif7ers for these three pressuro distributions.
The three curves are “@ssentitdlythe same up 10 the sopmn-
tion point, but beyond this they begin to depart from ench
other. It is evident also from figure 39 (a) that the separated
flow over a step is the only flow of those investigated which
exhibits a definite peak in the pressure distribution within
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the seprnwted region. Analogous results are presented in
figure 39 (b) for three similar ccdgumtions at a Mach
number of 3.0. In this case the three curves practically
coincide for a short distance downstream of separation, but
do not coincide tit the station where the peak in pressure
occurs for the step. This result is similar to one of Bogdonoff
and Kepler (ref. 14) who compared distributions for a step
and a strong incident shock.

It is evident already that there is an essential dMerence
between the qualitative characteristics of laminar separations
and turbulent separations. Since turbulent separations
follow a single curve only as far downstream as the separation
point (or perhaps a little farther), only the flow up to the
separation point would represent free interaction; the flow
downstream of separation, and hence the peak pressure,
would not. A possible exception might be the step which
shows rLdefite peak pressure, but the other configurations
investigated definitely do not represent free interaction
phenomena downstream of the point of separation. b
contrast, for laminar separations the pressure distribution
well downstream of separation-including the plateau pres-
sure-represents a free-interaction-type flow for all of the
various con6gurations W@d.

In order for the prw-suredistributions up to separation to
represent a free interaction independent of the mode of in-
ducing sepruwtion, it is necessary that (he flow be steady.

22
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(a) MO=2.0; R=O=3.1 x 106

Fmuwa 39.—Effect of body shape on the pressure distribution for
turbulent separation at a lised Maoh number and Reynolds
number.
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Fmmm 39.—Concluded.

Actually, the curved-surface model (represented by diamond
symbols) in figure 39 (b) shows a l#le irregularity in pressure
distribution which is attributed to a s@ht unsteadiness of
the turbulent separation over this particular model. At
Mach numbers 10WWthan that represented in @ure 39 (b),
the turbulent separation on this model wae suillciently un-
steady to bring about both irregularities in pressure distri-
bution as well as sizable departures from the mean curves
representing steady turbulent separations. An emunple is
illtitrated in figure 40 (a) which corresponds to a Mach
number of 2.4. Since the turbulent separation on the
curved-surface model is unsteady, the interaction takes place
over a much kwger streamwise distance that for the steady
turbulent separations (on the step and the compression
corner). Evidence of the unsteadiness is provided by the
jagged pressure distribution and by the lack _of sharpness in
the corresponding shadomgraph in figure 40. It should be
emphasized that most of the turbulent separations were
relatively Meady and unsteadiness to the degree illustrated
in figure 4.0was more an cmceptionthan a rule.

In assessing the effects of variation in Reynolds number
on turbulent separations it is necessary to keep the model
shape and the Mach number fixed. This requirement is
unlike the case for huni.narseparation where only the Mach
number needed to be held fixed. Some pressure distribu-
tions at various Reynolds numbers are shown in figure 41 for
turbulent separation over a step at a Mach number of 2.o.
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FrQmw 40.—Effects of flow unsteadiness on the pressure distribution and the corresponding shadomgraphe for turbulent separation; M.= 2.4;
k&=2.7X10?
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l?mum 41.—Effect of Iteynolde number on the p~ e distribution
for a step with turbulent separation; M.= 2.0.

The step model is selected inssmuch as it is ihe only moikd
of those investigated which exhibits a clearly defied peak
in pressure distribution. The data of figure 41 cover a
range in Reynolds number corresponding to a variation by a
factor of about 7 to 1, and show no large effect pf such varirL-
tion. These particular data do show, however, a small but
consistent effect in the direction of decrewing peak pressure
with increasing Reynolds number. The trend of decreasing
pressure rise with incress.ing Reynolds number is the mum
as that predicted by the simple analysis for free interactions
which indicates the pressure rise to vary as @ A quanti-
tative comparison of this theoretical result with the measure-
ments on step model S-10 (trip 4) over the MOrange between
2.o and 3.4 is presented in @ure 42. The various lines show-n
represent a variation proportional to ~f for turbulent flOTV.
At a Mach number of 2.o the data indicate somewhat less
variation than & but at Mach numbem nem 3 they
indicate somewhat greater variation. Part of the experi-
mental variation, particularly at the higher Mach numbers,
is due to the fact “that the effective origin of the turbulent
boundary layer waa not always at the boundary-layer trip.
At low tunnel pressures, where the boundmylayer trip was
not completely effective, transition could be anywhere be-
tween the trip and the beginning of separation. Data points
taken under theseconditions arerepresentedby il.lledsymbols
-in @@.re 42. For such points the Reynolds number plotted
is somewhat greater than the effective Reynolds number of
the turbulent boundsry layer; consequently, small arrows
have been attached to these points, indicating the direction
in which they would move if plotted as a function of the true
effective Reynolds number. It is noted that these points
with arrows correspond to a pure-hunkmr-type separation
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Open symbol –Transition near hose af the boundary–
layer trip.

Filled symbal-Transition Iomtion between the base of the
boundory–layer trip ond the beginningwf

S-10 (trip 4)
pressure rise; therefare the correct
Reynalds number is less then the value.
shown.

2

.
4 6 8

I(36
2 3 -4 6 8
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RGum 42.-Reynolds number effeot on the peak pressure ratio for a step with turbulent separation at various Maoh numbers.

behind the base of the trip (as determined by measurements
of base pressure on the trip) but to a fully turbulent sepamw
tion over the step.

Although the data m iigu.rea41 and 42 for model S-10
(trip 4) show a consistent decrease in peak pressure rise with
incensing Reynolds number, not al of the data for turbulent
separations showed this trend. Model S-5 (trip 2) revealed
no appreciable variation in pP—powith R.Oover the range of
Mo and R=Oinvestigated. Siarly, Love (ref. 39) found
no appreciable variation of pP—p~with R.Oover a tide r-e
of M. and R.O. On the other hand, the several compression-
cmner and curved-surface models investigated herein ex-
hibited essentially the same trend of decreasing p,–p~ tith
increasing R,Oas model S-10 (trip 4). The reason for these
&flerent results is not known. The9e apparent discrepan-
cies, however, are consistent with the interpretation that the
flow downstream of supersonic turbulent separation-unlike
the flow downslmam of supersonic ltiar sepmation—
usually is not a free-interaction phenomenon, and, thus
should not necessarily follow a variation approximately
m @

k figure 43 a comparison is made between the measured
variation with Reynolds number of the pressure rise to a
turbulent separation point and the theoretical variation
predicted by the analysis. In this comparison, various model
shapes are employed inssmuoh as p.—po (unhke pP—pJ is
regarded as being determined by free interaction. .Experi-

mental data of Gadd, Holder, and Regan (ref. 15) are shown
in figure 43 by the dashed lines. The calculated trend pro-
portional to ~ is seen to be in appro~ate, tho@ not
accurate, agreement with the various measurements.

As a further test of the dimensional analysis for turbulent
he interactions, pressure measurements can be plotted in
coordinates which should make the pressure distributions-
at least up to the separation point-independent of both
Reynolds numbsr and object shape. Accorbg to equations
(17) amd (18), the quantity [(p-po)/pJ5,-’n should be
plotted against (z—zO)/(6*Zf-1~, just as in the case of laminar
separation. In the absence of better information, 3*/x0 for
turbulent flow is taken as proportional to ~f.l” The appr-
opriatelongitudinal ceordinatq is then [(z—zO)/zo]tJ-l@. A
replot of the data of figure 41 hi these appropriate coordinates
is presented in figure 44. By observing that p/po is plotted
in iigure 41 and ilp/po in figure 44, it is seen that the small
spreid due to variation of Reynolds number is approximately,
though not entirely, accounted for by the simple anslysis.
The same coordinates Which correlate the pressure distribu-
tion in laminm separation up to the plateau prme, fdso
correlate reasonably well the turbulent separation data up
to at least the separation pressure.

The effect of Mach number on the pressure rise to the

mAP~@ tarmalsefar iammWsssfbh turhbmt flaw Mtb 1~-mu -~ mm
~ d%++RJ-UJsnd ‘&-&IIJ. T&combine to give 3*I%w&. Ifmaor&6nd andgd9

b mod% sad M by comblnimgtheQ@ Lawwith tbe velmfty defectlaw fm fnmmpmssibls
flow, then&/z isprarmrdod to about~ IJ m-of =. At 9=G ap~@@-f~
for Cnmpi-omibleflow ma not amaratewknom.l;hencatbs Simplestrelstiona%-cJ is nsed-
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FIGUIUJ 43 .—Reynolds number effect on pressure rise to turbulent separation for various NIaoh num~om.
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F1auED 44.-Carelation of pressure distribution at various Reynolds
numbma for turbulent separation over a step; 21.=2.0.
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turbulent separation point of various models is shown in
figure 46. The pressure rise (p,-pJ/pe is divided by @f
as this would roughly account for the influence of Reynolds
number. Data from vaxious sources for steps, compression
corners, and incident shock reflections are included in this
figure. Two different tdmiquea were employwl in measur-
ing the separation point as indicated in the figure legend,
The Reynolds number range for the data from the present
investigation is 0.3 to 6.OX 10e; whereas for the data of
Bogdonoff it is approximately 8 to 36X106 and for the

24 ,
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FIGUE?I45.—Effeot of Mach number on pressure rise to separation
point for turbulent flow for steps, compression oornem, and inoident
shocks-
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(ltth of Gndd, Holder, and Regan it is from 2 to 8X 10e. Al-
though there is considerable scatter in the measurements
(since the pressure rise to the separation point is a difficult
quantity to measure accurately), there is no systematic trend
discernible between the various con&urations. This is
consistent with the view that the pressurerise to a separation
point in supersonic turbulent flow is a free-interaction phe-
nomenon and should be independent of the mode of indu’cing
separation.

The effect of Mach number on peak pressure rise for steps
in turbulent flow is shown in iigure 46. Data from e.xperi-

24
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,Reyno!ds number IA

o S-6(trlp 1) 0.45< Rrox10_%0.57 9

❑ S-4(trlp 1) 0.80< RZOX10-6<1.0 18 .. . . .-,> ?.+

20 0 S-10(tr,p4) 20 <17%xlo+23 ~
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8 I I

A-
● O ‘- Shaded area represents regmn
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.41.2 1.6 20 24 28 32 36 40
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FIGURE 4t3.-Effect of J1ach number on peak pressure ratio for steps
with turbulent separation.

ments of Bogdonoff (ref. 13) and bve (ref. 39) are included
in this figure. Two extremes are represented for Bogdonoff’s
data at each Mach number; they correspond to the smallest
and largest step heights used in his experiments. At Mach
numbers above about 2.6 the present measurements for S-6
(trip 1) show considerably higher values of pp–po than do the
measurements of Bogdonoff and Love. The large spread
of data, asrepresented by the crosshatched area, is attibuted
primarily to the effect of boundary-layer thiclmess on pn—po.
Models for which the step height h is considerably smaller
than & (e. g., the lower data points of Bogdonoff in fig. 46)
yield peak pressure values only slightly greater than the
separation pressure, whereas the model with the largest
ratio I@ (model S-6 with trip 1 for which h/6=6) yields
the largest values for peak presmue. The upper limit of
Bogdonoff’s data corresponds to an intermediate case of
h/6=2.

CONCLUSIONS

The conclusions which follow were drawn mainly from
e.speriments with boundary layem of essentially constant
pressure preceding a two-dimensional separated region.

.

SufEcientJywide variations in model geometry (steps, bases,
compression corners, curved surfaces, shock reflections)
were covered to regard the conclusions aa rather generaJ,
although some of these conclusions may not apply for an
initial boundary-layer history of strongly rising or falling
presmre.

1. For a given model shape, the location of transition
relative to the reattachment and separation positions is
dominant in controlling the characteristic featura of pres-
sure distribution irrespective of lMach number and Reynolds
number. This dominance leads to classiiimtion of each
separated flow into one of three types: pure laminar, trimsi-
‘tional, and turbulent.

2. I?ure laminar separations (transition downstream of
reattachment zone) were steady in a supersonic stream and
depended only to a relatively small extent on Reynolds
number. The dead-air pressure for pure laminar separations
having negligible boundary-layer tbicknm at separation
can be calculated from a simple theory involving no empirical
information; the theory is applicable to both subsonic and
supemonic flow.

3. Transitional separations (transition between separation
and reattachment) generally were unsteady and often de-
pended markedly on Reynolds number. In transitional
separations an abrupt pressure rise often occurs at the
location of transition, especially when transition is only a
short distance upstream of reattachment.

4. Turbulent separations (transition upstream of separa-
tion) depended only to a minor tient on Reynolds number.
Most of the supersonic turbulent separations were relatively
steady compared to transitional separations.

5. The stability of a separated laminar mixing layer
increasea markedly with an increase in Mach number. As
a result, pure laminar separations, which are uncommon
at subsonic speed, may become of some practical interest at
hypersonic speed. Because of this marked increase in
stability, laminar separations warrant additional research
in hypemonic flow.

6. In a region where boundary layer and external flow
interact freely, a simple analysis indicates that pressure
rises vary as the square root of the skin friction. 13xperi-
ments at supersonic speed substantiated this result accurately
for ltiar separation, and approximately for turbulent
separation.

7. The pres~e rise to separation is independent of the
mode of inducing separation for either laminar or turbulent
separation in supemonic flow. The plateau pressure rise in
lami.mw separation is similarly independent, but the peak
pressure rise in turbulent separation depends significantly
on model geometry.

&dEs hONAUTICA L LABOFMTORY
ITATIO~ALArmso~Y COm~EE FORAERONAUTICS

MOFFE~ IhDLD,Cum., Nov. 29, 1956
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APPENDIX A

~OMALOUS OIL-FILMOBSERVATIONS

When the oil-film technique was used, two threadlike lines
of accumulation sometimes occurred simultaneously. They
were never observed in laminax separation, but only in tur-
bulent separation, and only over a cmtain Mach number
range. Both lines of accumulation were stable, repeatable,
and normal to the stream direction of flow. They were
displaced strearnwiaea distance equivalent to several bound-
ary-layer thicknes-ws. Depending upon test conditions, the
downstream line could appear by itself, the two lines could
appear simultaneously, or the upstream line could appear
by itself. The upstream line corresponded to a pressure
rise of about 0.3 po, whereas the downstream line corre-
sponded to between 0.6 po and 1.0 p. rise, depending on the
Mach number. Comparable measurements of Bogdonoff
and of Gadd, derived from a ditlerent technique of location of
separation (near-surfacepitot-preswre surveys) corresponded
to the downstreain line. To determine directly whether the
two techniques inherently produce different redts, Professor
S. M. Bogdonoff volunteered cooperation by hying the oil-
flhn technique with the Princeton apparatus on which the
pitot-pressure surve~ previously had been made. He imme-
diately cod.rmed his earlierresult on presnwe rise to separa-
tion at MO=2.9 (corresponding to the downstream line in
the present experiments), and did not &d any evidance of
a second line. Although this left unexplained the simulta-
neous. occurrence of two lines, it did remove suspicion of
excemve probe interference and place suspicion on the phys-
ical signi.iicance of the upstream line of oil accumulation.
It appeared possible that the upstream line did not accumu-
late at a separation position, but actually rep~esented a
second, stable, equilibrium position, due to wmd forces
acting downstiean and buoyancy forca acting upstream.
Sizable buoyancy forces arise from the large streamtie
pressure gradients near turbulent separation. (The gradi-
ents near laminar separation are an order of magnitude
smaller.)
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By regarding the thread of oil as a cylinder of fixed di-
mensions in a wind stream of density PWand velociti pro-
portional to (bu/by)a, the drag per unit span would be pro-
portional to p@u/*).2. The upstream-acting buoyancy
force would be pm~ortional to (dp/dx)= (pJt&), so that

buoyance forces= pa+=
wind forces

@Jp.($~-(&)p~*J

or, since PW=P,TJTWWPOTO(approximately),

RZ;18
+-

Xopo’cf%o’

I?or fixed M. and Xo,;- pOlls/p.2@0-lJ~2-p.-716. From this
brief analysis three inferences can be drawn: f?imt,an increase
in tunnel pr-ure for fixed M. and z should decrease the
importmce of buoyancy forces; second, an increase in model
length for fixed Mo and p. should decreaae the imporkmce
of buoyancy forces since &wxO115/xO~xO-4J6;third, for fixed
XOand po, the variation of ~ with an increase in MOis domi-
nated by the decrease in POand Cf;hence an incrense in Mach
number should increase the importance of buoyancy forces.
In view of these inferred trends, a special model (S-6 with
trip 2) having double the length z. was constructed. Whereas
the regular models exhibited the upstream line above about
MO=l.9, the larger model exhibited such lines above about
ilZO=2.5. This is consistent with both the second and third
inferences above. It was found also that increasing tunnel
pressure caused the upstream line to disappear, This is
consistent with the fit inference. Consequently, it is
deduced that the upstream line, which corresponded to a
pressure rise of Ap/po=0.3 +0.1, is not a separation line but
represeniwa second position for stable equilibrium of buoy-
ancy forces and wind forces.



APPENDIX B

SPECL4L~ERIMENTS PERTAININGTO THE CROCCO-LEESTHEORY

The Crocco-Lees theory (ref. 9) is unusually broad in
scopo, covering laminar-, transitional-, and turbulent-type
separations. Because of this extensivenws, many untested
approximations are introduced in their analysis where
appropriate experimental data are missing and cannot pro-
vide CLguide. Also, because of the broad scope, it is impor-
tant to supplement this theory wherever possible with perti-
nent experimental information. The present experiments
suggest w way in which the Crocco-Lees theory for base
pressure might be improved. This possible improvement
may have no bearing, however, on the Crocco-Lees theory
for other types of separation.

In the Crocco-Lees analysis the wake thiclmess is an
important variable appearing throughout their analysis; it
determines, among other things, the initial condition for inte-
gration of their differential equation which governs the dead-
air premure. On the other hand, the theory of this report
indicates that the total wake thickness of a separated region
would not iuiluence the dead-air pressure.

The special experiments designed to providi a decis~vetest
of the importance of the thickness of wake were conducted
during the initial experiments (1953) on models with triangu-
lar inserts as is illustrated. The two-dimensional channel
appmtus was employed.

The e.sperimentaltest conditions were especially selected to
be in a Reynolds number range wherein the separation was
of the transitional type, and wherein the Crocco-Lees theory
would indicate the dead-air pressure to be sensitive to
changes in the initial wake thickness lL+& If the total
thickness of wake were dominant in determiningg base pres-
sure, then the dead-air prcswre for a fixed Reynolds numbar
R (based on the chord length c of the airfoil) should correlate
roughly m a function of the parameter h/3,or as a function
of the equivalent parameter c/(h@ where c is the model
length. On the other hand, if the thiclmess of wake is
totally unimportant, it would be expected that the dead-air
pressure would be unailected by the triangular-shaped

inserts and w-ouJdcorrelate much better when plotted as a
function of H/8, or of the equivalent parameter c/(Hfl).
The experimental data plotted in @e 47 are definitive in

.8
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(a) has oharaoteristiulength.
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Fmurm 47.—Base pressaremeasurements for transitional type separa-
tion with various wedge inserts in the dead-air region; Jio= 2.0.

showing that H is the essential characteristic length in the
problem; and hence that the total wake thickness is not
important in determiningg base pressure. It is believed that
in the Crocca-Lees theory the base height should more
appropriately be iutroduwd in a way which determines the
length of mixing layer, rather than in a way which determines
the initial thiclmvsssof the wdce.
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